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Abstract 
 
Solid-state electrolytes are attracting increasing attention for applications in high energy density 
batteries. At present, Li7La3Zr2O12 (LLZO) is one of the most promising Li solid electrolytes due 
its favorable combination of high conductivity and chemical stability against Li metal. However, 
there are several challenges that potentially limit the use of LLZO practically. The work 
presented in this dissertation characterizes several properties of LLZO at the atomic scale using 
density functional theory (DFT) and molecular dynamics (MD) calculations. 
 Calculations addressing the electrochemical window of LLZO, the impact of exposure to 
air, elastic properties, grain boundary transport, and potential dendrite formation mechanisms are 
presented. Firstly, DFT calculations of absolute band edge positions indicate that LLZO is an 
excellent electronic insulator with an intrinsic electrochemical window of 0 to 4 V vs. Li/Li+. 
Next, the impact of exposure to humid air is examined. The thermodynamics of Li2CO3 surface 
layers is characterized, in combination with the bulk protonation of LLZO. The impact on Li ion 
transport is examined as a function of proton exchange. The formation of surface contamination 
layers is predicted to reduce the wettability between Li and LLZO, resulting in increased 
interfacial resistance.  
 Regarding elastic properties, linear elasticity models and the calculated shear modulus 
suggest that LLZO should be sufficiently stiff to suppress lithium dendrite formation. However, 
subsequent experimental studies have shown that elastic properties alone are insufficient for 
achieving dendrite suppression: microstructural features of the solid electrolyte should also be 
 xv 
accounted for. Toward this goal, three hypotheses regarding microstructural features are 
examined. More specifically, we consider the possibility that dendrites can result from focusing 
of the Li-ion current caused by (i) limited contact caused by surface contamination and poor 
wetting at the Li/SE interface or (ii) from fast Li-ion migration along GBs; alternatively, (iii) 
softening in the vicinity of GBs could foster lithium accumulation during plating. Cleaning the 
surface of LLZO (scenario 1) appears helpful in delaying the onset of Li penetration, but appears 
to be insufficient on its own, as dendrites are still observed at high current densities. The ‘fast 
GB diffusion’ hypothesis is tested by calculating the rate of Li-ion migration along three low-
energy GBs of LLZO. These calculations reveal that Li transport is generally reduced in the GB 
region, ruling out the second hypothesis. GB softening could arise from deviations in density and 
atomic structure near the GB plane. MD calculations indicate that significant softening can occur 
in the immediate vicinity of GBs. We propose that nanoscale softening attributed to 
microstructural features such as GB may also contribute to Li penetration of nominally stiff solid 
electrolytes. 
 
 
 
 1 
Chapter 1 Introduction 
 
1.1 Motivation 
Lithium ion batteries are now widely used in portable electronics, and are transitioning to new 
applications in electric vehicles (EV) and stationary energy storage systems.1–5 To accelerate this 
transition, it is desirable to develop batteries with higher energy densities. Optimization of Li-ion 
systems has largely focused on improving electrode properties, for example, by raising the 
voltage of cathodes and increasing the capacity of anodes.3,4 A promising, yet less examined 
alternative strategy is to replace the battery’s liquid electrolyte with a fast ion conducting solid.6,7 
A viable solid-state electrolyte could unlock several of the high-capacity battery concepts shown 
in Figure 1.1:2 For example, employing Li metal anodes enables emerging cell chemistries such 
as Li-S and Li-air.2,8–12  
The substitution of flammable liquid electrolytes with stable solid-state compounds also 
offers clear safety advantages.13,14 Inorganic solid electrolytes are intrinsically non-flammable 
compared to carbonate liquid electrolytes. Additionally, Li dendrite formation in liquid 
electrolytes can be suppressed (in principle) by the use of a stiff solid electrolyte.15  
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Figure 1.1 Specific energies for existing and developmental batteries along with estimated 
driving distances and pack prices. Taken from Bruce et al.2  
 
Finally, the wide electrochemical window of some solids could enable the use of high 
voltage cathodes, resulting in additional gains in energy density.7 Carbonate based liquid 
electrolytes typically have electrochemical windows that result in oxidative decomposition at 
voltages greater than 4.3 V.7,16 Solid electrolytes with a window beyond 5 V would enable high 
energy density cathodes such as spinel LiMn1.5Ni0.5O4 which operates at 4.7 V.7,17,18 
 
1.2 Solid Electrolytes 
A viable solid electrolyte should satisfy several performance requirements simultaneously:19,20 it 
should possess high Li-ion conductivity, ~1 mS cm-1 or higher, with low electronic conductivity; 
chemical and electrochemical stability against the Li metal anode and state-of-the-art cathodes (5 
V or higher vs. Li/Li+) is also essential; finally, it should exhibit sufficient mechanical properties. 
Various types of solid electrolytes have been developed as shown in Figure 1.2.20 Sulfide 
materials presently exhibit higher ionic conductivities than oxides, which has been suggested to 
arise from the higher polarizability of the sulfide ion.21 For example, Li10GeP2S12 (LGPS) 
 3 
exhibits an ionic conductivity of 12 mS cm-1 at room temperature, which is comparable to 
conventional liquid electrolytes.22 However, sulfides are hygroscopic, and form toxic H2S when 
exposed to moisture.23 On the other hand, oxides generally exhibit high stability against air and 
ease of handling.  
 
 
Figure 1.2 Ionic conductivity of several categories of solid-state lithium-ion conductors. Adapted 
from Bachman et al.20 
 
Among Li-ion conducting oxides, NaSICON (Na Super Ionic CONductor) type solid 
electrolytes such as Li1.3Al0.3Ti1.7(PO4)3 have been reported to exhibit high conductivity, ~ 1 
mS/cm;24,25 however, this compound is unstable in contact with Li.26 Perovskites with the 
nominal formulation Li3xLa2/3-xTiO3 show high conductivity in the 0.1 to 1 mS/cm range.25,27 
Nevertheless, these materials exhibit high grain boundary resistance and are unstable in contact 
with Li.20,25,27 At present, perhaps the most promising Li-ion conducting oxides are garnets with 
nominal composition Li7La3Zr2O12.28,29 Commonly referred to as LLZO, this oxide exhibits a 
favorable combination of high conductivity (~1 mS cm-1), with early reports indicating chemical 
stability against Li metal.30–33  
 4 
1.3 Li7La3Zr2O12 (LLZO) 
 
The garnet mineral structure represents a family of complex oxides spanning a broad range of 
compositions.28,34 Of the possible garnet formulations, the cubic phase with composition 
Li7La3Zr2O12 (LLZO) has recently emerged as one of the most promising solid electrolytes.  
 The garnet structure A3B3C2O12 is comprised of a B3C2O12 framework structure of B 
cations in 8-coordination sites and C cations in octahedral sites.35 The Li migration path follows 
the three-dimensional interstitial space within the framework, consisting of tetrahedral sites 
bridged by octahedral sites.36 Compared to the three Li in the Li3Nd3Te2O12 garnet where Li ions 
are ordered into the tetrahedral sites37, additional Li ions are “stuffed” into the interstitial space 
in LLZO,38–40 resulting in Li occupation of the octahedral sites. Figure 1.3 shows the Li 
sublattice for two types of LLZO: the cubic and tetragonal polymorphs. Li ions are distributed 
amongst partially occupied tetrahedral 24d (56.4 %) and octahedral 96h (44.2 %) sites in cubic 
LLZO,36 while they form a fully ordered distribution in tetragonal LLZO.41 In tetragonal LLZO, 
the 24d sites present in the cubic polymorph are transformed into fully occupied tetragonal 8a 
sites and vacant 16e sites (denoted as small spheres in Figure 1.3), while the 16f and 32g sites are 
fully occupied.41–43 In other words, the 56 Li atoms in the unit cell of LLZO (8 formula units) are 
distributed amongst the partially-occupied 24d (~13 Li atoms) and 96h (~43 Li atoms) sites in 
cubic LLZO, and amongst the fully occupied 8a (8 Li atoms), 16f (16 Li atoms), and 32g (32 Li 
atoms) sites in tetragonal LLZO. 
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Figure 1.3 Li sublattice for the cubic (left) and tetragonal (right) phases of LLZO. Taken from 
Bernstein et al.41 
At room temperature, stoichiometric LLZO adopts a tetragonal crystal structure (space 
group 𝐼𝑎45𝑑).42 This polymorph is of less interest for solid electrolyte applications than the cubic 
polymorph, as the former is limited by low ionic conductivity (~10-6 S cm-1) due to the fully 
ordered Li distribution. However, supervalent doping stabilizes the (typically high-temperature) 
cubic crystal phase at room temperature (space group	𝐼𝑎35𝑑), which has a much higher 
conductivity, ~10-4-10-3 S cm-1.30,32,33,44 Dopants are also expected to increase the degree of 
vacancy disorder within the Li sub-lattice, leading to enhanced hopping paths for Li+ and an 
increase in conductivity. For example, substitution of 0.2-0.24 moles of aluminum (nominal 
oxidation state of 3+) for lithium stabilizes the cubic phase and creates 0.4-0.48 moles of lithium 
vacancies per LLZO formula unit.30 In this phase the ionic conductivity is increased to 0.4 
mS/cm at 298 K. Density functional and molecular dynamics calculations demonstrated that the 
transition from the tetragonal to cubic phase occurs for Li vacancy concentrations greater than 
0.4–0.5 per LLZO formula unit.41 An alternative to Al doping is substitution of Ta5+ on Zr4+ 
sites.  Substitution of Ta5+ is preferred to Al doping, since Ta, unlike Al, does not reside on the Li 
sublattice, and thus yields higher conductivity. In fact, Li6.5La3Zr1.5Ta0.5O12  (0.5 Li vacancy per 
formula unit) has achieved a conductivity close to 1 mS/cm at room temperature.31 
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1.4 Challenges  
Electrochemical window.  Ideally, a solid electrolyte should be chemically stable against Li 
metal.28 Garnets are typically wide-band-gap oxides that are expected to be stable at high 
oxidation potentials.45 However, the intrinsic electrochemical window (EW) is poorly defined, 
and should be characterized to clarify the potential for undesirable electronic transport (via 
charge injection) and decomposition of LLZO. Stability window data for LLZO as reported in 
recent experiments is based on transient techniques such as cyclic voltammetry (CV), which can 
be insufficient to determine the EW.45 A careful determination of the intrinsic EW of the bulk 
LLZO will aid in understanding its electrochemical stability. 
 
Surface contamination mechanism. LLZO is unstable with respect to humid air, and it can also 
react with CO2 to form Li2CO3 on the surface, presumably resulting in high interfacial 
resistance.46 However, consensus regarding these reaction pathways, their products, and their 
consequences for performance has not been achieved. For example, Larraz et al. showed that 
LLZO reacts with H2O forming LiOH as intermediate phase, and the LiOH subsequently reacts 
with CO2 in air to form Li2CO3.46 Conversely, Cheng et al. reported that LLZO reacts with water 
to form Li-deficient garnet and LiOH, without Li+/H+ ion exchange.47 Li2CO3 formation can 
either occur through CO2 absorption by LiOH or the direct reaction of LLZO with CO2.47 
Clarifying these factors will further our understanding of the origin(s) of resistance at 
electrode/LLZO interfaces. 
 
Surface modification. The interfacial resistance between a Li metal anode and LLZO is a critical 
factor for developing efficient solid-state batteries. While several studies have reported 
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significantly higher interfacial resistance than in conventional (liquid-electrolyte) Li-ion 
batteries,48,49 coating of the LLZO surface has dramatically lowered this resistance.50–52 The 
reduction of interfacial resistance was caused by the enhanced Li wettability of the surface, but 
the underlying mechanisms are not well understood.50–52 It remains to be seen if interfacial 
coatings are required to achieve low interfacial resistance; can similar improvements be achieved 
by minimizing reactivity of LLZO with air, water, and CO2?  
 
Li dendrite formation. Li metal cells based on liquid electrolytes exhibit the formation of Li 
dendrites during Li plating (during charge), which leads to an internal short circuit between the 
electrodes.5,45 Use of a stiff solid electrolyte in place of a liquid electrolyte can in principle 
suppress Li dendrite formation. According to the model of Monroe and Newman,15,53 a solid 
electrolyte having a shear modulus that is a factor of approximately 2 times greater than the shear 
modulus of metallic Li should suppress dendrite initiation. Nevertheless, Li dendrites could still 
form even in the presence of an electrolyte that satisfies Monroe’s criterion if microstructural 
features in the solid results in inhomogeneous Li plating. For example, recent studies showed 
that Li dendrites can penetrate LLZO membranes along its grain boundary network, resulting in 
cell failure.54 This surprising result indicates that microstructural features, and not elastic 
properties alone,15 should be considered in the design of practical solid electrolytes. 
 
Grain boundary resistance. The typical procedure for the synthesis of solid electrolytes results in 
a polycrystalline solid rather than a single crystal monolith. Grain boundaries (GBs) between 
individual crystallites can influence of the transport properties due to their different structure and 
potentially distinct chemical composition compared to the bulk. Regarding the ion transport at 
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GBs, earlier studies have shown that ion diffusivity can be enhanced or suppressed at GBs. In 
LLZO, several studies showed that the presence of GB can decrease the Li ion conductivity,55–59 
although the magnitude of this effect can be small and depends sensitively on processing 
conditions. At present, the atomic-scale processes occurring at GB in LLZO, including transport 
mechanisms and local elastic properties, remain poorly understood.  
 
1.5 Goals and Outline  
The primary purpose of this thesis is to characterize several properties of LLZO at the atomic 
scale, focusing on key properties that are expected to limit performance. This approach allows 
for the development of the fundamental understanding needed to overcome the limitations 
presented in section 1.4. Three classes of calculations are performed: bulk, surface, and GB. For 
bulk LLZO, structural, electrical, and elastic properties are studied to characterize intrinsic 
features. Surface calculations are performed to characterize electrochemical stability and the 
reactivity in air. Finally, ion transport and elastic properties at GBs are investigated. First 
principles calculations and molecular dynamics simulations are adopted as the primary 
characterization techniques. 
A brief outline of this thesis is given below: 
Chapter 2 presents the methodology of atomic scale simulations employed in this thesis. 
First, the fundamentals of Density Functional Theory (DFT) are introduced, including the Kohn-
Sham equations, exchange correlation functionals, and quasi particle GW methods. Next, an 
overview of classical molecular dynamics (MD) is presented. Two interatomic potentials used in 
the MD simulations are also described in the methodology chapter. 
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Chapter 3 discusses the electronic properties and electrochemical stability window of 
LLZO.  DFT and G0W0 methods are used to predict the density of states and band gap for bulk 
LLZO. The electrochemical window is determined using a hybrid functional by aligning the 
planar-averaged electrostatic potential in bulk LLZO with that in surface slabs. 
Chapter 4 addresses the reaction of LLZO with humid air, and involving the protonation 
of bulk LLZO. First, the thermodynamics of hydration and carbonation were examined using 
DFT calculations. The interfacial resistance of the surface contamination layers is also examined 
using DFT calculations by estimating the Li wettability. Finally, the transport properties within 
protonated LLZO were studied using ab initio MD. 
Chapter 5 presents the elastic properties of Al- and Ta-doped LLZO using DFT 
calculations. The predicted elastic properties are compared to the experimental values from 
measurements, and found to be in excellent agreement. The elastic properties of metallic Li are 
also revisited using DFT calculations. 
Chapter 6 probes grain boundary (GB) contributions to Li ion transport. The energetics, 
composition, and transport properties of three low-energy (S3 & S5) symmetric tilt GBs in 
LLZO were investigated by combining classical Monte Carlo and MD simulations.  
Chapter 7 describes another possible mechanism for Li metal penetration in LLZO, GB 
softening, using classical MD calculations. The elastic constants associated with uniaxial strain 
perpendicular to the GB plane and with shear parallel to the GB were calculated at 300 K. MD 
results indicate the possibility for severe softening in elastic properties in the immediate vicinity 
of the GB.  
Finally, Chapter 8 concludes this thesis with a brief summary of our findings and possible 
extensions. 
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in protonated LLZO (Li6.25-xHxAl0.25La3Zr2O12) by combining neutron and electron spectroscopy 
with first-principles calculations”, in preparation. 
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Chapter 2 Methodology 
 
2.1 First Principles Calculations 
2.1.1 Kohn-Sham Density Functional Theory  
The Schrödinger equation is the fundamental equation that describes the physics in quantum 
mechanical systems given by 
𝑖ℏ𝑑Ψ𝑑𝑡 = 𝐻=Ψ (2.1) 
where ℏ is the reduced Planck constant, Ψ is the many-body wavefunction, and 𝐻= is the 
Hamiltonian operator. Since the equation is extremely complex, this equation is simplified by 
following assumptions. First, the system is time-independent and non-relativistic. Second, the 
Born-Oppenheimer approximation assumes that nuclei are treated as static since the nuclei are 
significantly heavier than the electrons. Under this assumption, only the electronic part is 
considered quantum-mechanically. Finally, electrons are assumed to be in their ground state. The 
resulting equation is given by 𝐻=Ψ(𝑟@A@BCDEF) = 𝐸Ψ(𝑟@A@BCDEF) (2.2) 
where 𝐸 is the total energy of the system and 𝑟@A@BCDEF is the coordinate of electrons. 
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 Despite of these assumptions, solving the time-independent Schrödinger equation in Eq. 
(2.2) is still infeasible except for the smallest hydrogen systems. Hohenberg and Kohn’s 
formulation of Density Functional Theory (DFT)65 adopts a simpler method by mapping a 
system of interacting electrons on to a system of non-interacting one-electron. Hohenberg and 
Kohn’s two theorems provided the formal basis of DFT. The first Hohenberg and Kohn (HK) 
theorem states that the external potential 𝑉@JC(𝒓) is solely determined by the ground-state charge 
density 𝑛M(𝒓). The second HK theorem states that total energy of an electronic system is a 
functional of the charge density, 
𝐸[𝑛(𝒓)] = 𝐹[𝑛(𝒓)] + R𝑉@JC(𝒓)𝑛(𝒓)𝑑𝒓 (2.3) 
and that the global minimum in energy 𝐸M corresponds to the ground state charge density 𝑛M(𝒓).  
 Using the Kohn-Sham ansatz,66  Eq. 2.3 is expressed in the form of a system of fictitious 
non-interacting electrons,  
𝐸[𝑛(𝒓)] = 𝐸STFFEF[𝑛(𝒓)] + R𝑉@JC(𝒓)𝑛(𝒓)𝑑𝒓 + 𝐸U[𝑛(𝒓)] + 𝐸VW[𝑛(𝒓)] (2.4) 
where 𝐸STFFEF[𝑛(𝒓)] is the kinetic energy of a set of non-interacting electrons,  𝐸U[𝑛(𝒓)] is the 
classical Coulomb interaction, and 𝐸VW[𝑛(𝒓)] is the exchange-correlation energy. The charge 
density is defined in terms of the non-interacting single-particle wavefunctions 𝜓Y for the non-
interacting N electrons system: 
𝑛(𝒓) = Z𝜓Y∗(𝒓)\Y]^ 𝜓Y(𝒓) (2.5) 
The kinetic energy of the non-interacting electrons 𝐸STFFEF is expressed as  
𝐸STFFEF[𝑛(𝒓)] = −ℏ`2𝑚 Z𝜓Y∗(𝒓)∇`\Y]^ 𝜓Y(𝒓) (2.6) 
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The Hartree energy 𝐸U	between an electron at 𝒓 and the mean electron density at 𝒓d is given by 
𝐸U[𝑛(𝒓)] = 12e𝑛(𝒓)𝑛(𝒓d)|𝒓 − 𝒓d| 𝑑𝒓𝑑𝒓d (2.7) 
The exact functional dependence upon 𝑛(𝒓) for the exchange-correlation energy 𝐸VW is 
unavailable and the solution of DFT rely upon the accurate approximation for the exchange-
correlation energy 𝐸VW[𝑛(𝒓)]. 
 The ground state energy can be found using the Kohn-Sham (KS) equations, which is the 
same form as the time-independent Schrödinger equation for non-interacting electrons in an 
effective local potential: 
g− ℏ`2𝑚∇` + 𝑉@JC[𝑛(𝒓)] + 𝑉U[𝑛(𝒓)] + 𝑉VW[𝑛(𝒓)]h𝜓Y(𝒓) = 𝜀Y𝜓Y(𝒓) (2.8) 
where, 
𝑉U[𝑛(𝒓)] = 𝛿𝐸U[𝑛(𝒓)]𝛿𝑛(𝒓)  (2.9) 
and, 
𝑉VW[𝑛(𝒓)] = 𝛿𝐸VW[𝑛(𝒓)]𝛿𝑛(𝒓)  (2.10) 
 
2.1.2 Exchange-Correlation Functional  
An appropriate form of the exchange-correlation (XC) energy 𝐸VW should be provided for 
solving the KS equations. The XC energy is defined with the XC energy density per electron 𝜀VW[𝑛(𝒓)], 𝐸VW[𝑛(𝒓)] = R 𝜀VW[𝑛(𝒓)]𝑛(𝒓)𝑑𝒓 (2.11) 
 15 
The 𝜀VW[𝑛(𝒓)] is the electrostatic interaction energy of an electron at 𝒓 with XC hole density 𝑛VWkEA@ at 𝒓′, 
𝜀VW[𝑛(𝒓)] = 12R𝑛VWkEA@(𝒓, 𝒓d)|𝒓 − 𝒓d|  (2.12) 
Among various XC functionals, three types are widely used: the local density approximation 
(LDA), the generalized gradient approximation (GGA), and the hybrids. 
 The LDA is a simple method assuming a homogeneous electron gas (HEG) with same 
density.67,68 The LDA depends only on the local density, and the XC energy is expressed as 
𝐸VWnop[𝑛(𝒓)] = R 𝜀VWnop[𝑛(𝒓)]𝑛(𝒓)𝑑𝒓 (2.13) 
where 𝜀VWnop[𝑛(𝒓)] is the XC energy density per electron of a HEG. The calculation of 𝜀VWnop is 
enhanced by interpolating the data from quantum Monte Carlo over wide range of densities.69 
The LDA can be used for the system where the charge density is relatively homogeneous. 
However, the LDA typically overestimates exchange energy 𝐸V and underestimates correlation 
energy 𝐸W, which results in problems where XC hole has local variations.  
 The GGA improves the accuracy by incorporating the gradient of the electron density for 
the systems varying the density.70 The XC energy 𝐸VWqqp is expressed using the additional 
variable of gradient of the electron ∇𝑛(𝒓) as: 
𝐸VWqqp[𝑛(𝒓)] = R 𝜀VWqqp[𝑛(𝒓), ∇𝑛(𝒓)]𝑛(𝒓)𝑑𝒓 (2.14) 
The GGA corrects the overbinding problem of LDA and yields accurate structural properties. 
Among various GGAs, the PBE71 has been widely used due to their efficiency and accuracy for 
generous systems. 
 Advanced functional beyond GGA shows the improvements by incorporating additional 
variables such as higher order density gradient or nonlocal Hartree-Fock (HF) exchange energy. 
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The problem of GGA in strongly correlated systems can be mitigated by combining the HF 
method, which does not account for the correlation energy. The XC energy in hybrid functional 
is given by, 𝐸VW = 𝛼𝐸JUs + (1 − 𝛼)𝐸Jqqp + 𝐸Wqqp (2.15) 
where 𝐸JUs is the HF exchange energy, 𝐸Jqqp	is the GGA exchange energy, 𝐸Wqqp	is the GGA 
correlation energy, and 𝛼 is the mixing parameter determining the fraction of 𝐸JUs.  
 The GGA underestimates the band gap because GGA treats the ground state. The 
incorporation of HF exchange energy estimates a better band gap, since the self-interaction in the 
Hartree term is exactly removed by the 𝐸JUs. The GW methods based on the many-body 
perturbation theory result in more accurate band gap, which is discussed in section 2.1.3 
 
2.1.3 GW Methods 
The quasi-particle (QP) equation based on the many-body perturbation theory is 
g− ℏ`2𝑚∇` + 𝑉@JC[𝒓] + 𝑉U[𝑛(𝒓)] + RZ(𝒓, 𝒓d; 𝜀Y) 𝑑𝒓d]h𝜓Y = 𝜀Y𝜓Y (2.16) 
where ∑(𝒓, 𝒓d; 𝜀Y) is the self-energy operator, which is non-local and energy-dependent.72,73 The 
eigenvalues of the equation correspond to the energy for electron addition or removal, and thus 
the band gap is obtained using a difference in QP energies. Using GW approximation, the self-
energy operator is expressed in terms of the single-particle Green function 𝐺 and the dynamically 
screened interaction 𝑊:73 Z(𝒓, 𝒓d; 𝜀) ≈ 𝑖𝐺(𝒓, 𝒓d; 𝜀)𝑊(𝒓, 𝒓d; 𝜀) (2.17) 𝐺 and 𝑊 can be expressed in terms of quasiparticle wavefunctions. In the simplest G0W0 
method, the DFT wavefunctions and eigenvalues are used to calculate G and W, and the self-
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energy operator is considered as a perturbation to the Kohn-Sham potential. Further updates to 𝐺 
and 𝑊 can be performed for the QP equations. 
 
2.1.4 Implementation 
First-principles calculations were performed using the Vienna Ab initio Simulation Package 
(VASP).74 Charge densities and wavefunctions were expanded in a plane wave basis set, while 
core-valence electron interactions were treated using the projector augmented wave (PAW) 
method.75,76 Three different levels of theory were employed for the exchange-correlation energy: 
(i.) the semi-local generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof 
(PBE),71 (ii.) the hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE06),77,78 and, (iii.) 
quasi-particle (QP) calculations based on many-body perturbation theory (G0W0 method).79,80 
Occupancies were determined by a Gaussian smearing of width 0.1 eV, and the Brillouin zone 
was sampled with Monkhorst-Pack grids.81 
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2.2 Classical Molecular Dynamics  
2.2.1 Principles of Molecular Dynamics 
Molecular dynamics (MD) is a simulation method that determines the time evolution of 
interacting atoms by solving Newton’s equation of motion, 
𝑭 = 𝑚𝒂 = 𝑚𝑑𝒗𝑑𝑡 = 𝑚𝑑`𝒓𝑑𝑡` (2.18) 
The force on each atom is evaluated using the negative gradient of potential U,  𝑭 = −∇𝑈(𝑟) (2.19) 
The initial position, velocity, and net force on atoms are used to obtain the motion over time. 
New position at the next step 𝑡 + ∆𝑡 is estimated using finite difference methods and this 
calculation is repeated using the estimated position as an input for the next movement of atoms. 
Velocity Verlet algorithm is one of the most popular methods, which calculates the position, 
velocity, and acceleration at the next step 𝑡 + ∆𝑡 as82 
𝒓(	𝑡 + ∆𝑡) = 𝒓(𝑡) + 𝒗(𝑡)∆𝑡 + 12!𝒂(𝑡)∆𝑡` = 𝒓(𝑡) + 𝒗 𝑡 + ∆𝑡2  ∆𝑡 (2.20) 
𝒂(𝑡 + ∆𝑡) = 𝑭(𝑡 + ∆𝑡)𝑚 = − 1𝑚𝑑𝑈[𝒓(	𝑡 + ∆𝑡)]𝑑𝑡  (2.21) 
𝒗(𝑡 + ∆𝑡) = 𝒗(𝑡) + 𝒂(𝑡) + 𝒂(𝑡 + ∆𝑡)2 ∆𝑡 = 𝒗 𝑡 + ∆𝑡2  + 12𝒂(𝑡 + ∆𝑡)∆𝑡 (2.22) 
As the time evolution, the atomic positions, forces, and energies can be used for further statistical 
analysis to examine the structural, mechanical, thermodynamic, and transport properties.  
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2.2.2 Force-Fields  
Two types of empirical potentials are used to examine the static and dynamic properties of 
LLZO. The first force field is based on the bond valence (BV) method. Empirical relation 
between bond length and BV has been used to examine the ion transport in solid electrolytes.83–85 
The variation of an individual bond valence can be translated into the variation of a Morse-type 
interaction potential 𝐸 = 𝐷M{(exp[𝛼(𝑅TF − 𝑅)] − 1)` − 1} (2.23) 𝑅TF  is given by 𝑅TF = 𝑅M[0.9185 + 0.2285|𝜎p − 𝜎V|] − 𝑏ln(𝑉T 𝑁W⁄ ) (2.24) 
where 𝑅M is the BV parameter, 𝜎p and 𝜎V are the absolute softness of the cation and anion, b is 1 𝛼⁄ , 𝑉T is the absolute value of nominal charge, and 𝑁W is the preferred coordination number of 
the central ion. The dissociation energy 𝐷M is approximated for a wide range of cation as 
𝐷M = 𝑐 × 14.4 𝑉T,p𝑉T,V^ ⁄𝑅TF√𝑛𝑛 × 𝑏2`  (2.25) 
where 𝑐 = 1 if a cation, A, is an s or p block element, or 𝑐 = 2 if A is a d or f block element. 𝑛 
and 𝑛 represent the principal quantum numbers of cation A and anion X. The BV parameters 
for 132 cation types in oxides are provided by Adams et al.83  
 Coulomb repulsion terms are screened by an error function 𝐸WEAE = 14.4 𝑞𝑞𝑅pV 𝑒𝑓𝑟𝑐 𝑅pV𝜌M  (2.26) 
where 𝑞 and 𝑞 are fractional charges, 𝑅pV is the distance between cation and anion, and 𝜌M is 
the screening factor derived from the covalent radii of cation and anion. The 𝑞 and 𝑞 are 
estimated based on 
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𝑞pT = 𝑉T,pT√𝑛pT ¡∑
𝑉T,V¢𝑁V¢£𝑛V¢¤∑ 𝑉T,pT𝑁pT√𝑛pTY  (2.27) 
𝑞V¢ = 𝑉T,V¢£𝑛V¢ ¡∑
𝑉T,pT𝑁pT√𝑛pTY∑ 𝑉T,V¢𝑁V¢£𝑛V¢¤  (2.28) 
where 𝑁pT (𝑁V¢)	refer to the occupancies of the 𝑖th cation 𝐴T	(𝑗th cation 𝑋¢) in the structure. 
The second force field is based on the classical Born description. Long-range Coulombic 
interaction is given by Coulomb’s low 𝑈T¢ = 𝑞Y𝑞¤4𝜋𝜖M𝑟T¢ (2.29) 
where 𝑞Y and 𝑞¤ are the charges, 𝜖M is the permittivity, and 𝑟Y¤ is the distance between the ions. 
The fractional effective charges were used based on a partially ionic model (𝑞@ªª =0.7𝑞FEDTF¬A). 
The Buckingham potential was used for the short-range interactions, 𝜙T¢ = 𝐴T¢exp−𝑟T¢ 𝜌T¢⁄  − 𝐶T¢ 𝑟T¢®⁄  (2.30) 
where 𝐴T¢, 𝜌T¢, and 𝐶T¢ are empirically derived parameters for interacting ions. The cutoff distance 
for the short-range interaction was set to 10.5 Å. All classical molecular dynamics simulations 
were performed using LAMMPS.86 
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Chapter 3 Electronic Properties and Electrochemical Stability  
 
3.1 Introduction 
The electrochemical window (EW) determines an electrolyte’s resistance to undesirable 
electronic transport, and by extension, controls phenomena such as short-circuiting and self-
discharge. Accurate estimates do not yet exist for basic EW-related properties of LLZO such as 
its band gap and the positions of its band edges. These properties are now routinely examined in 
the assessment of liquid electrolytes,87–89 but have not been thoroughly explored for solid 
electrolytes. Moreover, experimental measurements of the LLZO EW often employ transient 
techniques such as cyclic voltammetry (CV),45 which can be insufficient to determine electronic 
transport properties. Lacking these data, it is unclear whether the promising performance 
reported for LLZO represents an intrinsic property of the bulk phase, or is instead a consequence 
of fortuitous “kinetic stabilization” arising from interfacial reactions with the electrodes.14,90 
The study presented in this chapter aims to close this knowledge gap by assessing the EW 
of LLZO-based solid electrolytes. First-principles calculations were used to predict the density of 
states (DOS), band gap, and absolute positions of the band edges for LLZO. The calculations 
indicated that the conduction band minimum in LLZO is predicted to lie slightly above Li/Li+, 
suggesting moderate stability against electron injection (n-type conductivity) from the Li anode. 
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The position of the valence band maximum (VBM) in bulk LLZO further supports the 
observation of limited electronic transport at high (positive) voltages: p-type conduction arising 
from hole injection into the valence band is hindered by the low energy of the VBM, which is ~4 
V more positive than the Li/Li+ redox potential.   
 
3.2 Methodology 
3.2.1 Bandstructure and Density of States 
First-principles calculations were performed using three different levels of theory were 
employed: (i.) GGA-PBE,71 (ii.) the hybrid functional of HSE06,77,78 and, (iii.) G0W0 method.79,80 
Bandstructure and density of states (DOS) calculations were performed on the primitive unit cell 
(96 atoms) of LLZO. The convergence criterion for electronic self-consistency was set to 10-5 
eV. Electronic occupancies were determined using Gaussian smearing with an energy width 0.05 
eV for calculations of the bandstructure, DOS, and the electrostatic potential. A larger smearing 
of 0.1 eV was used for all other calculations (geometry optimization, surface energies, etc.). 
Ionic relaxations for the conventional/primitive unit cells and surface slabs were 
performed at the GGA-PBE level of theory. Atomic positions were relaxed until all forces were 
less than 0.03 eV/Å. In these cases, an energy cutoff of 600 eV was used for the plane wave 
basis. Monkhorst-Pack81 k-point grids with a 2 × 2 × 2 density were used for calculations on the 
bulk cells; surface slabs used Gamma-centered grids with a 2 × 2 × 1 sampling density.  
Calculations performed on the conventional unit cell of LLZO adopted the experimental 
cubic crystal structure.36 Li was randomly distributed on the partially-occupied 24d and 96h sites 
on the Li-sublattice using a procedure that minimizes occupancy of electrostatically-unfavorable 
first nearest-neighbor sites.36 Energy differences were negligible (<1.5 meV/atom) among 
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several structures generated in this manner. The structure having the lowest total energy was 
used in subsequent calculations. The resulting partial occupancies of the 24d and 96h sites was 
0.542 and 0.448, respectively, which is equivalent to 13 and 43 atoms in the LLZO unit cell. 
These occupancies are similar to the experimental values of 0.564 and 0.442.36 The bulk lattice 
parameter was obtained by fitting total energy vs. volume data to the Murnaghan equation of 
state,91 resulting in a calculated value of 13.026 Å. This is similar to the experimental 
measurement of 13.0035 Å. For calculations on the primitive cell the fractional occupancy of the 
24d (96h) sites was 0.583 (0.438), which is equivalent to 7 (21) Li atoms in the cell.  
Due to the expense of hybrid functional calculations, combined with the large size of the 
LLZO cell, calculations performed with the HSE06 functional used a lower energy cutoff of 450 
eV. Bandstructure calculations used a self-consistent charge density evaluated at the Γ-point, 
while k-point grids up to 2 × 2 × 2 (8 irreducible k-points) were used for DOS calculations. 
Non-self-consistent G0W0 calculations were performed using input from prior self-consistent 
PBE and HSE06 calculations (referred to as PBE+G0W0 and HSE06+G0W0, respectively). DOS 
calculations were conducted using an energy cutoff of 450 eV in combination with Γ-centered k-
point grids with densities as large as 2 × 2 × 2 (8 irreducible k-points). Band gaps were 
converged with respect to the number of bands: 720 bands were used for PBE+G0W0 
calculations, with 840 used for HSE06+G0W0.   
 
3.2.2 Band Edge Positions 
Band edge positions were determined using the HSE06 functional by aligning the planar-
averaged electrostatic potential in bulk LLZO with that in (100) and (110)-oriented surface 
slabs.92 Several (100) and (110)-oriented surface slabs based on the conventional unit cell (192 
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atoms) with distinct surface compositions were used to establish the positions of the LLZO band 
edges. Atomic positions within the slabs were relaxed at the GGA-PBE level of theory, as 
mentioned above; subsequently, HSE06 calculations with a 450 eV cutoff (10-4 eV convergence 
criterion) were performed on these ‘frozen’ geometries. 
The surface energies of the various LLZO surface models were calculated according to: 
γ = 12𝐴 𝐺°°±²³´µ¶ − 𝑛°°±²·.¸. 𝜇°°±²¶¸´º − 𝛴𝑛Y𝜇Y (3.1) 
Here 𝐺°°±²³´µ¶  is the total energy of the slab, 𝑛°°±²·.¸.  is the integer number of stoichiometric formula 
units in the slab, 𝜇°°±²¶¸´º  is the energy of one formula unit of bulk LLZO, 𝑛Y is the number of 
atoms of type i in the slab in excess of the stoichiometric amount, and  𝜇Y is the chemical 
potential of element i.  
Prior computational study93 found that at 0 K (neglecting vibrational and entropy effects) 
LLZO is weakly meta-stable with respect to decomposition into Li8ZrO6, Li6Zr2O7, and La2O3. 
Indeed, our calculations indicate that the decomposition of LLZO into these phases is exothermic 
by only 5.8 meV/atom. Presumably the inclusion of other contributions to the free energies of 
these phases would narrow this energy gap, or reverse its sign. 
Recent DFT calculations90,94 show that LLZO is stable between 0.05 and 2.91 V vs Li/Li+ 
upon reduction and oxidation, respectively. The decomposition energy for the reduction at 0 V is 
9 meV/atom, suggesting the stability of LLZO against Li metal anode. LLZO also can be stable 
with the cathode operating voltages ~ 4 V vs. Li/Li+, due to the large over-potential for the 
oxidation of LLZO and kinetic protections of decomposition phases.  
Therefore, Li8ZrO6, Li6Zr2O7, and La2O3 are assumed to be in equilibrium with LLZO 
between 0 and 4 V vs. Li/Li+. The chemical potentials of the elements comprising LLZO were 
 25 
determined using these phases. This yields a series of three equations relating the chemical 
potentials to the total energies of the phases:    
E(La2O3) = 2 𝜇n¬ + 3 𝜇¼   (3.2) 
E(Li6Zr2O7) = 6 𝜇nT + 2 𝜇½D + 7 𝜇¼ (3.3) 
E(Li8ZrO6) = 8 𝜇nT + 𝜇½D + 6 𝜇¼ (3.4) 
The chemical potential of lithium, 𝜇nT, was obtained assuming local equilibrium with the 
electrodes, 𝜇nT(𝛷) = 𝜇nT,¿WW-	e𝛷 (3.5) 
where 𝜇nT,¿WW is the chemical potential of BCC Li, e is the elementary charge, and 𝛷 is the 
electrostatic potential referenced to Li anode. 
A total of twelve LLZO surface slabs were examined as candidate systems for evaluation 
of the electrostatic potential, as shown in Figure 3.1 and 3.2. The surfaces having the lowest 
surface energy in each of the (100) and (110) directions were used to determine the positions of 
the LLZO band edges. These calculations employ the planar-averaged electrostatic potential, f, 
within, and outside of, an LLZO slab. The potential corrugations in the central region of the slab, 
fbulk, mimic those in bulk LLZO, while the asymptotic behavior of the potential far from the slab 
establishes the vacuum level, fvac.92  Knowledge of fvac allows for positioning of the absolute 
Li/Li+ level (i.e., Li Fermi level). Similarly, the position of the band gap center (BGC) in bulk 
LLZO can be determined by overlaying fbulk from a bulk LLZO cell onto fbulk from the surface 
slab. Finally, the absolute positions of the CBM and VBM in bulk LLZO are given by BGC ±
Ágap` , where Egap is the band gap evaluated from the present G0W0 calculations. 
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Figure 3.1 Illustration of the six LLZO (100) slabs used in surface energy calculations. The slab 
name indicates the predominant composition of the surface. (a) La-terminated Li58La28Zr20O96, 
(b) O-terminated Li54La20Zr12O96, (c) O-terminated Li59La28Zr20O104, (d) O-terminated 
Li59La28Zr20O112, (e) Li-terminated Li67La28Zr20O112, and (f) Zr-terminated Li58La28Zr20O96. 
 
 
Figure 3.2 Illustration of the six LLZO (110) slabs used in surface energy calculations. The slab 
name indicates the predominant composition of the surface. (a) La-terminated Li58La28Zr16O96, 
(b) O-terminated Li59La24Zr24O120, (c) O-terminated Li66La28Zr16O112, (d) Li-terminated 
Li66La28Zr16O96, (e) Li-terminated Li65La24Zr24O120, and (f) Zr-terminated Li56La24Zr24O96. 
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3.3 Results and Discussion 
3.3.1 Electronic Properties 
Figure 3.3 shows the calculated band gap and density of states of LLZO evaluated using three 
levels of theory: PBE, HSE06 and G0W0. Band structure plots are reported in Figure 3.2 for the 
PBE and HSE06 functionals. The partial DOS evaluated at the PBE+G0W0 and HSE06+G0W0 
levels of theory is plotted in Figure 3.3. Band gaps calculated at the HSE06 level of theory are 
approximately 5.79 eV, while quasi-particle calculations based on the G0W0 method yield 
slightly larger gaps of 6.07 (PBE+G0W0) and 6.42 (HSE06+G0W0) eV. GW calculations – in 
particular those based on HSE06 input wavefunctions – typically yield highly accurate band gaps 
that are in better agreement with experimental photoemission data than those predicted by hybrid 
functionals.95 These factors lead us to conclude that the band gap of LLZO is best approximated 
by the HSE06+G0W0 gap of 6.4 eV. The large band gap reported here is consistent with a large 
 
Figure 3.3 Total density of states (DOS) for LLZO as a function of calculation method. The 
energy scale is set such that a value of zero corresponds to the energy of the valence band 
maximum. 
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optical gap of 5.5 eV and CV measurements61 suggesting that LLZO should be compatible with 
high voltage cathodes.  
  
 
Figure 3.4 Calculated band structure for LLZO evaluated using the (a) PBE and (b) HSE06 
functionals. 
 
 
Figure 3.5 Calculated partial DOS for LLZO evaluated using (a) PBE+G0W0 and (b) 
HSE06+G0W0. 
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3.3.2 Electrochemical Window  
LLZO has a sufficiently large band gap (6.4 eV) to enable its use with high voltage electrodes, in 
principle allowing for an all solid-state cell with OCV > 6 V. However, it is important to 
recognize that a large band gap represents a necessary, but not sufficient condition for a viable 
electrolyte; the positions of the band edges relative to the electrochemical potentials of the 
electrodes are also critical. More specifically, a solid electrolyte will be stable against electron 
injection if the CBM lies at a higher energy (i.e., more negative potential) than the Fermi level of 
the negative electrode: E(CBM) > h–. Similarly, stability against hole injection from the positive 
electrode requires that the electrolyte’s VBM have a lower energy (i.e., be positioned at a more 
positive potential) than the redox level of the positive electrode: E(VBM) < h+. 
To assess the resistance of LLZO to charge injection and undesirable electronic transport, 
the absolute positions of the LLZO band edges were evaluated computationally.92 
Electrochemical window of LLZO was evaluated assuming two local equilibria with a Li metal 
anode and cathode as shown in Figure 3.6. Different local equilibria at the two interfaces (with 
the anode and with the cathode) are illustrated in the Figure 3.6.  
 
Figure 3.6 Li/LLZO/Cathode structure with different local equilibria present at the two 
interfaces.  
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At first, band edge positions were evaluated assuming local equilibrium with a Li metal 
anode. The most stable surfaces – (100) slab #5 and (110) slab #4 – were Li terminated and had 
nearly identical surface energies of 0.84 and 0.85 J/m2, respectively. Figure 3.7(a) shows the 
lowest energy (100) surface along with an overlay of the planar-averaged electrostatic potentials, 
f,  evaluated from the slab and bulk cells. These data were used to determine the absolute 
positions of the CBM and VBM in bulk LLZO, shown in Figure 3.7(b), for both the lowest 
energy (100) and (110) slabs.  
Fig. 3.7(b) demonstrates that the calculated band edge positions satisfy the 
electrochemical stability criteria, E(CBM) > h– , regardless of the slab model used. LLZO should 
be susceptible to electron injection from the Li negative electrode.  
Band edge positions were also evaluated assuming local equilibrium with a cathode as 
illustrated in Figure 3.6. Six slabs from each of (100) and (110) orientations in Figure 3.2 were 
examined for band edge calculations using the chemical potential of Li described in Eq. (3.5). 
 
Figure 3.7 (a) The lowest energy (100) slab of LLZO (top) and the associated planar-averaged 
electrostatic potential (bottom panel, black curve). The electrostatic potential from a bulk 
supercell is overlaid (red data). (b) Position of the conduction band minimum (CBM) and 
valence band maximum (VBM) of LLZO for the lowest energy (100) and (110) surface slabs.  
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The surface energies of twelve LLZO slabs were obtained as a function of electrostatic potential, 
which are summarized in Table 3.1. At high potential greater than 3 V vs. Li/Li+, the lowest 
surface energy slabs were oxygen terminated (100)-#2-Li54La20Zr12O96 and (110)-#3-
Li66La28Zr16O112. These slabs also showed the lowest surface energy when the LLZO is in the 
local equilibrium with oxygen gas at T = 300 K. The unphysical surface energy at 4 V vs. Li/Li+ 
for (100)-#2 can be explained by the oxidation of LLZO. These two slabs ((100)-#2 and (110)-
#3) were used for the electrostatic potential calculations. The vacuum region of slabs was 12 Å 
for the surface energy calculations and 24 Å for the electrostatic potential calculations. A thicker 
slab (Li92La40Zr24O160) than was used to evaluate the electrostatic potential for (110) -#3 slab.  
The electrostatic potential in the slab cells were used to position the electrostatic potential 
of bulk LLZO with respect to the vacuum level, as shown in Figure 3.8. The electrostatic 
potential of the bulk LLZO is shifted to match that from the bulk-like center region of the slab. 
Based on the band gap of 6.4 eV from the quasiparticle calculations (HSE06+G0W0), the 
absolute position of the VBM was found for both the lowest energy (100) and (110) slabs. For 
the stability against oxidation by the cathode, the VBM of LLZO has a lower energy than the 
redox level of the cathode.  
  
Table 3.1 Calculated surface energy for (100) and (110) slabs of LLZO. 
 (100) surface (110) surface 
Φ (vs Li/Li+) #1-La #2-O #3-O #4-O #5-Li #6-Zr #1-La #2-O1 #3-O2 #4-Li1 #5-Li2 #6-Zr 
0 1.44 5.06 1.19 1.01 0.84 1.35 0.90 2.53 1.81 0.85 1.95 1.35 
1 2.86 3.64 1.89 0.97 1.17 2.76 1.36 2.09 1.47 1.58 1.72 2.42 
2 4.28 2.22 2.60 0.92 1.50 4.18 1.83 1.66 1.14 2.32 1.49 3.49 
3 5.69 0.81 3.31 0.87 1.84 5.60 2.30 1.23 0.80 3.05 1.25 4.56 
4 7.11 -0.61 4.02 0.82 2.17 7.01 2.77 0.79 0.47 3.79 1.02 5.62 
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Figure 3.8 Planar averaged electrostatic potential for bulk LLZO overlaid onto that for (a) 
(100)-#2-O-terminated Li54La20Zr12O96 and (b) (110)-#3-O-terminated Li66La28Zr16O112 slabs. 
 
 
 
Figure 3.9 The absolute position of the CBM and VBM of LLZO for the lowest energy (100) 
and (110) surface slabs relative to the Li/Li+ level assuming local equilibrium with a high 
potential (>3 V) cathode. 
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In Figure 3.9, the locations of the VBM for (100)-#2 and (110)-#3 slabs show that LLZO 
is marginally stable relative to ~4 V vs. Li/Li+ cathodes such as LCO and NMC. This result can 
explain the decomposition of LLZO contacting with LNMO which has a higher redox potential 
of 4.7 V vs. Li/Li+.7,17,18 The CBM position in Figure 3.9 was obtained by assuming the local 
equilibrium with a Li metal, which indicated the reductive stability between LLZO and Li anode.  
While the positions of the band edges suggest a suitably-wide EW, a few caveats apply. 
First, as shown by the (100)-oriented slab, the energy difference between the CBM and the 
Li/Li+ level can be modest, only 0.2 eV in this case. Second, the present band edge model depicts 
LLZO as a fictitious “isolated” solid: that is, it omits interfacial effects that will be present in a 
real electrochemical cell and which can potentially narrow or expand the effective EW.89,90 For 
example, chemical reactions at LLZO/electrode interfaces could yield thin product layers that 
“kinetically stabilize” LLZO by preventing further redox reactions from occurring.90,96 Similarly, 
electrochemical oxidation or reduction at these interfaces could be self-limiting due to the 
formation of electrically passivating films. Such processes would be similar to those associated 
with SEI formation in conventional Li-ion batteries.1,14 Accounting for these effects will require 
modeling the full interface at the GW level of theory. Such a calculation is a challenge due to the 
large size of the LLZO unit cell and the expense of these calculations.  
 
3.4 Conclusions 
First-principles calculations were performed to characterize the electrochemical window of the 
LLZO. The EW determines an electrolyte’s resistance to undesirable electronic transport, and, by 
extension, controls phenomena such as short-circuiting and self-discharge. The position of the 
EW also impacts electrochemical oxidation and reduction of LLZO by the electrodes; these 
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faradaic processes are generally the first step in subsequent (chemical) reactions at 
electrolyte/electrode interfaces.  
DFT calculations reveal that LLZO is an excellent electronic insulator with the large 
band gap (6.4 eV from GW calculations). An evaluation of the absolute positions of the band 
edges lends further support to the observation of limited electronic transport in LLZO. The 
position of the VBM in bulk LLZO indicates that LLZO is stable against p-type conduction 
arising from hole injection up to ~4 V vs. Li/Li+ cathodes. In addition, the conduction band 
minimum in LLZO is predicted to lie slightly above Li/Li+, suggesting moderate stability against 
n-type charge injection from the anode. These data indicate that a wide EW window is an 
intrinsic property of LLZO, furthering its prospects for use in next-generation batteries. 
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Chapter 4 Impact of Surface Contamination 
 
4.1 Introduction 
LLZO is moderately unstable against air. During air exposure, a Li2CO3 layer forms on the 
surface of LLZO, which can potentially affect the interfacial resistance with electrodes.46,47 The 
study presented in this chapter aims to clarify the impact of air exposure on the LLZO surface 
chemistry and the Li-LLZO interfacial resistance. 
Density functional theory (DFT) was used to investigate the reaction between LLZO and 
air. Previous DFT calculations examined the carbonation of LLZO via formation of LiOH or by 
direct reaction of LLZO with CO2.47 The present study takes a different approach by exploring a 
hydration/carbonation reaction pathway that involves Li+/H+ ion exchange; such ion exchange 
has been demonstrated to be facile, for example, in aqueous environments.97,98 Our DFT results 
indicate that the Li+/H+ ion exchange pathway is a thermodynamically favorable route for the 
formation of a Li2CO3 layer on the surface of LLZO.  
The formation of contamination layers can potentially increase the Li-LLZO interfacial 
resistance. The Li wettability of LLZO is predicted as a means to rationalize the observation of 
high interfacial resistance in the presence of a contamination layer. The contact angle of Li on 
LLZO, Li2CO3, and LiOH was evaluated using DFT calculations. Calculations indicate that Li 
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strongly wets clean LLZO, but not Li2CO3 and LiOH, which is consistent with contact angle 
measurements.63 The Li wetting is significantly enhanced upon removal of the surface 
contamination layers.63  
The reaction of LLZO in humid air can proceed via the protonation of LLZO.46,62 The 
present DFT results show that Li+/H+ ion exchange is thermodynamically favorable for all proton 
compositions up to the complete exchange of all Li+ ions.62 LLZO is also reported to take H+ 
when immersed in water.97 Recent classical MD simulations showed that the major level of 
exchange of protons (~60 %) in LLZO decreases the Li ion conductivity.98 The present study 
used a different approach by performing Ab initio molecular dynamics (AIMD) calculations to 
examine the transport properties of protonated LLZO. Li+ and H+ ion diffusivity and 
conductivity for pure and H-doped LLZO cells were predicted using AIMD.  
 
4.2 Methodology 
4.2.1 Thermodynamic Driving Force of the Reaction 
The thermodynamics of the hydration and carbonation of LLZO were examined using first-
principles calculations. The convergence criterion for the electronic self-consistency loop was set 
to 10−5 eV, and ionic relaxations were converged to a force tolerance of less than 0.03 eV.Å-1. 
An energy cut-off 600 eV was used for the plane wave basis and the Brillouin zone was sampled 
using the Monkhorst−Pack scheme.81 A 2 × 2 × 2 k-point grid was used for LLZO, and 12 × 12 × 
12 k-point mesh was used for crystalline LiOH, Li2O, and Li2CO3.   
Calculations on hydrogen-doped LLZO were performed by substituting hydrogen atoms 
for selected Li atoms. A prior experimental study of proton exchange in LLZO reported that 
proton substitution preferentially occurs on the 96h sites.97,99 Present DFT calculations are 
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consistent with the site preference observed experimentally: at low proton concentrations (2% 
and 9% Li+/H+ exchange) 96h sites are weakly favored over 24d sites by 1 to 8 meV per atom. 
At higher concentrations (~ 63% Li+/H+ exchange) the preference for the 96h sites increases to 
~20 meV per atom.  
The molecular species H2O and CO2 were simulated within cubic simulation cells with 
dimensions of 8 Å; crystal structures for LiOH, Li2O, and Li2CO3 were taken from experimental 
data. The optimal lattice parameters for all computational cells were obtained by fitting total 
energy vs. volume data to the Murnaghan equation of state.91  
 The Gibbs free energies of gas and liquid phases were obtained using equations (4.1) and 
(4.2): 
Gas phase: 𝐺(𝑇) = 𝐸MÃ(Ä)osÅ + 𝛥𝐻(𝑇) − 𝑇𝑆(Ä)@JÈC(𝑇)    (4.1) 
Liquid phase: 𝐺(𝑇) = 𝐸MÃ(Ä)osÅ + 𝛥𝐻(𝑇) − 𝛥𝐻É¬È@JÈC(𝑇) − 𝑇𝑆(A)@JÈC(𝑇) (4.2) 
here 𝐸ÊË(Ì)ÍÎÏ  is the total energy of an isolated gas phase molecule at zero Kelvin, 𝛥𝐻(𝑇) is the 
enthalpy difference for the molecule associated with a temperature change between 0 K and a 
given temperature	𝑇,	𝑆(T)@JÈCis the experimental gas (i=g) or liquid (i=l) phase entropy at 
temperature 𝑇,100 and 𝛥𝐻É¬È@JÈC(𝑇) is the enthalpy of vaporization. The ideal gas approximation 
was used to estimate the enthalpy difference, 𝛥𝐻(𝑇) ≈ 𝑛𝑘¿𝑇	, where 𝑛 is 7/2 for linear 
molecules (i.e., CO2) and 4 for nonlinear molecules (i.e., H2O), respectively. The pressure was 
set to 1 atm. Finally, the Gibbs free energies of solids were approximated as the DFT total 
energy, 𝐺 ≈ 𝐸MÃosÅ. 
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4.2.2 Work of Adhesion and Wetting Angle 
First-principles calculations were performed using density functional theory (DFT) with the 
GGA-PBE as the exchange correlation energy. For LiOH, van der Waals-aware density 
functional (vdW-DF2)101 was additionally used to describe the weak interaction between LiOH 
(001) layers. An energy cutoff of 450 eV was used for the plane wave basis. The Brillouin zone 
was sampled using the Monkhorst-Pack scheme,81 with 3×3×1, 4×4×1, and 4×4×1 k-point 
meshes used for the Li-LLZO, Li-Li2CO3, and Li-LiOH interfaces, respectively. The 
convergence criterion for the electronic self- consistency loop was set to 10-5 eV, while atomic 
positions were relaxed until atomic forces were less than 0.05 eV/Å.  
A (001) Li slab with 20 layers was used to calculate the surface energy of Li, which 
resulted in 0.452 J m-2. The Li-LLZO, Li-Li2CO3, and Li-LiOH interfaces were assembled using 
geometries that minimize interfacial strain; periodic boundary conditions in directions parallel to 
the interfacial plane were accommodated by adjusting the lattice constants of Li to match the 
dimensions of LLZO, Li2CO3, or LiOH. A vacuum layer of 8 Å was included in the interface 
supercells; each supercell contained one interface.  
The interfacial distance was determined by rigidly displacing the two slabs along the 
interface normal, and fitting the resulting energy versus displacement data to the Universal 
Binding Energy Relation (UBER).102 This procedure resulted in minimum-energy interfacial 
distances of 1.96, 3.04, and 2.32 Å for Li-LLZO, Li-Li2CO3, and Li-LiOH, respectively. Ionic 
relaxations were then performed for the three interfaces starting from interfacial separations 
predicted by the UBER fit. For the Li-LLZO interface, which had the largest supercell size (570 
atoms), atoms in the “back” half of each slab (i.e., the portion farthest from the interface) were 
fixed at their bulk-like positions. The Li-Li2CO3 and Li-LiOH interfaces were fully relaxed 
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without fixing any atom positions. Testing on these two systems revealed that the work of 
adhesion was not strongly influenced by the presence/absence of these constraints.  
The optimization of the translation state within the interfacial plane and the interfacial 
distance for the Li−LLZO interface are shown in Figure 4.1, respectively. Contour plots of Wad 
were obtained by translating the Li slab among many configurations at a constant interfacial 
distance. The lowest interface in the contour plot was then used to calculate interfacial distance 
by fitting to the UBER.  
The wetting angle, 𝜃, was calculated by combining the Young-Dupré equation, 𝑊¬ =	𝜎nT(1 + cos𝜃), with DFT calculations of the interfacial work of adhesion,	𝑊¬ , and the surface 
energy of Li, 𝜎nT = 0.45 J/m2. Using the Li/LLZO interface as an example, 𝑊¬ is evaluated as: 𝑊¬ = 𝐸int − 𝐸Li-slab − 𝐸LLZO-slab. Here, 𝐸int is the energy of the interface cell and EX-slab refers to 
the energy of an isolated Li (X = Li) or LLZO slab (X = LLZO). 
  
 
Figure 4.1 Optimization of the translation state within the interfacial plane and the 
interfacial distance for the Li-LLZO interface: a) contour plot of Wad as a function of 
translation state for the Li slab relative to the LLZO slab using a 5×5 grid with a constant 
interfacial distance of 2 Å. b) Wad as a function of interfacial distance between slabs 
fitted by the UBER for the five lowest Wad interfaces identified in the contour plot of 
panel (a)  
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4.2.3 Li+ and H+ Ion Transport 
AIMD calculations were performed to characterize Li+ and H+ diffusivity in pure and H-doped 
LLZO cells. Three different proton concentrations were used for H-doped LLZO cells: (i) 
Li6.375H0.625La3Zr2O12 (5H-LLZO, 8.9 %) for minor contamination, (ii) Li2.625H4.375La3Zr2O12 
(35H-LLZO, 63 %) for major contamination, and (iii) H7La3Zr2O12 (56H-LLZO, 100 %) for full 
exchange. The 5 and 35 Li ions on 96h sites in unit LLZO cell were randomly substituted by 
proton for 5H-LLZO and 35H-LLZO, respectively. Due to the expense of AIMD calculations, a 
lower energy cutoff of 400 eV and gamma point-only sampling of the Brillouin zone were used. 
Following initial ionic relaxations, AIMD calculations were conducted on the pure and H-doped 
LLZO unit cells using a time step of 2 fs for pure LLZO and 1 fs for H-doped LLZO. The cells 
were heated at a rate of 500 K/ps and subsequently equilibrated for 5 ps at one of several target 
temperatures, which ranged from 700 to 1000 K. Finally, 40 ps of AIMD were performed in the 
NVT ensemble to collect diffusion data. 
The diffusion coefficient was obtained from the ensemble-averaged mean squared 
displacement (MSD) over a time 𝑡,  
𝐷 = 12𝑑𝑡 〈[𝐫(𝑡 + 𝑡M) − 𝐫(𝑡M)]`〉 (4.3) 
where 𝑑 is the dimensionality of the system, 𝑡M is the initial time, and the angled brackets 
indicate an average over all Li+ ions. The ionic conductivity, 𝜎, was derived using the 
Nernst−Einstein equation, 
𝜎 = (𝑧e)`𝑐𝐷𝑘¿𝑇  (4.4) 
where 𝑧 is the valence of an ion, e is the elementary charge, 𝑐 is the concentration of ion, and 𝐷 
is the diffusion coefficient.  
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Ionic trajectories during AIMD were also analyzed visually to qualitatively convey the 
distinct displacement behavior of Li+ and H+. Ion positions were sampled using a regular grid of 
dimension 50 x 50 x 50. Isosurfaces of ionic probability densities, normalized with respect to the 
mean ionic probability density (P0), were plotted as a function of proton content in LLZO. 
 
4.3 Results and Discussion 
4.3.1 Impact of Air Exposure on Surface Chemistry  
The thermodynamic driving force (i.e., the Gibbs free energy of reaction, 𝛥𝐺) for the hydration 
and/or carbonation of LLZO was evaluated using DFT calculations for several plausible reaction 
pathways. The first pathway results in Li2CO3 formation, and proceeds via a two-step process 
that involves protonation of LLZO (i.e., Li+/H+ exchange) and the formation of LiOH as an 
intermediate:46,103  
Li+/H+ ion exchange: LiÚLaÛZr`O^` + x	H`O → LiÚJHJLaÛZr`O^` + x	LiOH        (4.5a) 
Carbonation of LiOH:  LiOH + ^`	CO` → ^` Li`COÛ + ^`	H`O  (4.5b) 
In a similar fashion, the second pathway also results in LLZO protonation and formation 
of Li2CO3, but proceeds through an Li2O intermediate: 
Li+/H+ ion exchange: LiÚLaÛZr`O^` + x	H`O → LiÚ`JH`JLaÛZr`O^` + x	Li`O     (4.6a) 
Carbonation of Li2O: 	Li`O + CO` → Li`COÛ (4.6b) 
Finally, the energetics of direct hydration and carbonation of LLZO were also 
investigated: 
Direct hydration: LiÚLaÛZr`O^` + x	H`O → LiÚ`JLaÛZr`O^`J + 2x	LiOH           (4.7a) 
Direct carbonation: LiÚLaÛZr`O^` + x	CO` → LiÚ`JLaÛZr`O^`J + x	Li`COÛ       (4.7b) 
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Table 4.1 summarizes the calculated 𝛥𝐺 for reactions 4.5-4.7 with 𝑥 = 1 8⁄  at T = 298.15 
K. (Here 𝑥 = 1 8⁄  refers to the exchange of a single Li+ for H+ in the LLZO computational cell 
for reactions 4.5a-b, to the exchange of two Li+/H+ pairs for reactions 4.6a-b, and to the 
extraction of a single formula unit of Li2O in 4.7a-b.) Several configurations were examined for 
the substitution and extraction of these species; the lowest energy configurations were used to 
evaluate Equations 4.5-4.7). Overall, pathway 4.5a-b (involving protonation of LLZO and 
formation of an LiOH intermediate) is predicted to be the most thermodynamically favorable 
reaction, given the negative values calculated for 𝛥𝐺, -33 kJ.mol-1 for reaction 4.5a and -34 
kJ.mol-1 for 4.5b. These data are in good qualitative agreement with experimental measurements 
that report Li+/H+ ion exchange and Li2CO3 formation in ambient air.46 On the other hand, 
pathway 4.6a-b (involving protonation of LLZO and formation of an Li2O intermediate) is 
somewhat less favored due to the positive reaction energy of 21 kJ.mol-1 predicated for its first 
step, reaction 4.6a. In addition, the total reaction energy for pathway 4.6, -127 kJ per Li2CO3 
formula unit (f.u.), is slightly less exergonic than that of reaction 4.5: -134 kJ per Li2CO3 f.u. 
Finally, formation of LiOH and Li2CO3 by the direct reaction of LLZO with H2O or CO2 
(Equation. 4.7a-b) is predicted to be thermodynamically unfavorable, as 𝛥𝐺 > 0 for both 
reactions (𝛥𝐺 = 83 kJ.mol-1 for reaction 5a and 15 kJ.mol-1 for 4.7b).  
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Experimental results are in good agreement with the DFT calculations. XPS data showed 
that LiOH and Li2CO3 are present on the LLZO surface after processing in the air, and TEM 
analysis identified the formation of Li deficient LLZO beneath the Li2CO3 contamination layer, 
which is consistent with reaction pathway (4.5) where LLZO loses Li in exchange for protons.62 
The extent of Li2CO3 formation on LLZO surface has been shown to depend strongly on 
humidity level and exposure time using Raman spectroscopy.62  
Figure 4.2 plots 𝛥𝐺 at T = 298.15 K for reaction 4.5(a) as a function of the Li+/H+ 
exchange percentage. The data reveals that Li+/H+ ion exchange is thermodynamically favorable 
for all proton compositions up to full exchange of Li+. The most negative 𝛥𝐺 value occurs at 
approximately 80% protonation; this value is in reasonable agreement with an earlier 
experimental study that observed approximately 60% of Li in LLZO powder could be exchanged 
with hydrogen in de-ionized water at room temperature.97,98 Although 𝛥𝐺 is negative for all 
Table 4.1 Calculated Gibbs free energy for the hydration and carbonation of LLZO depicted in 
reactions (4.5)–(4.8) with x = 1/8 at 298.15 K for reactions involve Li+/H+ ion exchange (i.e., 
protonation) and formation of an LiOH (reaction (4.5(a) and 4.5(b)) or an Li2O (reaction (4.6(a) 
and 4.6(b)) intermediate phase. Reactions (4.7(a) and 4.7(b)) assume direct hydration and 
carbonation of LLZO. Reaction (4.8) depicts the thermal decomposition of Li2CO3 in the 
presence of protonated LLZO  
Reaction 
no. Reaction (assuming x = 1/8) 𝛥𝐺 (kJ/mol) 
4.5(a) Liá®La`âZr^®Oã® +	H`O(g) → LiááHLa`âZr^®Oã® + LiOH - 33.0 
4.5(b) LiOH+ 12CO`(g) → 12Li`COÛ + 12H`O(g) - 33.6 
4.6(a) Liá®La`âZr^®Oã® +	H`O(g) → LiáâH`La`âZr^®Oã® + Li`O + 21.5 
4.6(b) Li`O+ CO`(g) → Li`COÛ - 147.6 
4.7(a) Liá®La`âZr^®Oã® +	H`O(g) → LiáâLa`âZr^®Oãá + 2LiOH + 82.8 
4.7(b) Liá®La`âZr^®Oã® + CO`(g) → LiáâLa`âZr^®Oãá + Li`COÛ + 15.6 
4.8 LiááHLa`âZr^®Oã®+ ^` Li`COÛ → Liá®La`âZr^®Oã® + ^` H`O + ^` CO`	   +66.6 
 
 
Figure 4.2 The change in Gibbs free ener y at 298.15 K for reaction 4.5(a) as a function of 
proton concentration. 
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proton concentrations, limited Li+/H+ ion mobility within partially ion-exchanged LLZO could 
kinetically preclude achieving very high (or full) proton exchange.98  
Figure 4.3 plots 𝛥𝐺 for reaction 4.5(a) (assuming 𝑥 = 1 8⁄ ) as a function of temperature 
and the phase of the proton source, liquid or gaseous water. The data reveals that reaction 4.5(a) 
is favorable at low-to-moderate temperatures, 𝛥𝐺 < 0 up to 466 K, regardless of whether water 
is a liquid or vapor. At higher temperatures, the positive values of 𝛥𝐺 for reaction 4.5(a) indicate 
the possibility for reversing the effects of water exposure by decomposing LiOH and de-
protonating LLZO. In addition, we investigated the possibility for thermal decomposition of 
Li2CO3 based on a pathway that is the reverse of reactions 4.5a and 4.5b: LiÚJHJLaÛZr`O^`+𝑥 2⁄ Li`COÛ → LiÚLaÛZr`O^` + 𝑥 2⁄ H`O + 𝑥 2⁄ CO`	   (4.8) 
As before, we assume 𝑥 = 1 8⁄  (the exchange of a single Li+ for H+ in the LLZO unit 
cell). The energetics associated with reaction 4.8 at T = 298.15 K are summarized in Table 4.1. 
Our calculations indicate that reaction 4.8 becomes thermodynamically favorable at 597 K, 
 
Figure 4.3 The change in Gibbs free energy for LLZO protonation, reaction 4.5(a), as a function 
of temperature and the phase of the proton source (liquid or gaseous H2O). The calculation 
assumes 𝑥 = 1/8. 
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suggesting the possibility for decomposition of Li2CO3 and de-protonation of LLZO at high 
temperatures. The predicted decomposition temperatures are consistent with earlier TG-MS 
measurements showing H2O evolution from LLZO at approximately 523 K, and de-protonation 
of LLZO with decomposition of Li2CO3 between 673 and 773 K.46,103  
 
4.3.2 Li Wettability at the Li-LLZO Interface 
The formation of contamination layers such as LiOH and Li2CO3 significantly increases the Li-
LLZO interfacial resistance. The increase of interfacial resistance could result from the reduction 
of Li wettability. To validate the correlation between surface chemistry and wettability, the 
wetting angle of Li on LLZO, Li2CO3, and LiOH was evaluated using DFT calculations.  
Figure 4.4 shows the atomic structure of the low-energy interfaces for Li-LLZO and Li-
Li2CO3. The calculated values for 𝑊¬  and 𝜃 are shown in Figure 4.4 below their respective 
interfaces. The trend predicted by our calculations - that Li strongly wets LLZO, but not Li2CO3 
and LiOH - is consistent with the measurements of contact angle.63 More specifically, the 
wetting angle predicted for the Li-Li2CO3 interface, 𝜃 = 142°, is in excellent agreement with the 
measured value (142°) indicating a weak interfacial interaction between Li and Li2CO3 (Wad = 
0.10 J/m2). In contrast, the calculated Wad for the Li-LLZO interface is nearly seven times larger, 
Wad = 0.67 J/m2, resulting in a relatively small wetting angle, 𝜃 = 62°. This value is qualitatively 
consistent with the measured value of 95°.63  
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The smaller value predicted by our calculations is expected, given that approximately 
15% of carbonate or hydroxide remains on the LLZO surface after heating to 500 °C.63 
Calculations on the Li-LiOH interface predict a relatively large contact angle of 125°, similar to 
the non-wetting behavior observed for the Li-Li2CO3 system.  
The removal of LLZO surface contamination was demonstrated to enhance Li wetting of 
LLZO, which was also quantitatively evaluated using molten Li contact angle measurements.63  
Surface conditioning including wet polishing and heat treatment results in a dramatic increase in 
Li wetting and the elimination of nearly all interfacial resistance. The interfacial resistance is 
reduced to 2 Ω cm2, which is lower than that	of liquid electrolytes.63  
  
 
Figure 4.4 Calculated work of adhesion (Wad), contact angle (θ), and atomic structure for the 
(a) Li-Li2CO3 and (b) Li-LLZO interfaces.  
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4.3.3 Impacts of Proton Contamination on the Transport Properties 
The mobility of Li+ and H+ ion in the H-doped LLZO was investigated using AIMD. The 
Arrhenius plot in Figure 4.5 demonstrates that the diffusivities of Li+ and H+ both decrease as the 
proton content of LLZO increases. In the case of limited protonation, 5H-LLZO, the reduction in 
the Li+ diffusivity compared to that of pure LLZO is negligible. At this proton concentration, the 
diffusivity of H+ in 5H-LLZO is also predicted to be similar to that of Li+ in pure LLZO. These 
similarities are reflected in the activation energies for Li+ and H+ diffusion, which fall within 
0.22-0.24 eV in pure and 5H-LLZO. In contrast, the diffusivities of Li+ and H+ are both 
significantly decreased in the sample with higher proton concentrations, 35H-LLZO, as shown in 
Figure 4.5. For this composition, Li+ exhibits a higher diffusivity than does H+; nevertheless, this 
value remains below that of Li+ in pure LLZO. Calculated activation energies in 35H-LLZO are 
significantly larger (in some cases double) than in pure LLZO or 5H-LLZO: 0.32 eV for Li+ and 
0.41 eV for H+. 
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Figure 4.5 Arrhenius plots for diffusivity derived from MSD plots: (a) Li+ ion diffusivity for 
pure, 5H-LLZO, and 35H-LLZO and (b) H+ ion diffusivity for 5H-LLZO, 35H-LLZO, and 
56H-LLZO. 
 
 
Figure 4.6 Arrhenius plots for conductivity derived from MSD plots using the Nernst-Einstein 
equation: (a) Li+ ion conductivity for pure, 5H-LLZO, and 35H-LLZO and (b) H+ ion 
conductivity for 5H-LLZO, 35H-LLZO, and 56H-LLZO. Ionic conductivities for lower 
temperature (open symbols) were obtained using the extrapolation of Arrhenius fits for high 
temperature data (700-1200 K). 
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The ionic conductivities are extrapolated to 300 K as shown in Figure 4.6 and Table 4.2. 
The Li ionic conductivity in pure LLZO is comparable to that in 5H-LLZO (3*10-3 S/cm), while 
the conductivity in 35H-LLZO is two orders smaller. The proton conductivity is smaller than Li+ 
ion conductivity about one order in 5H-LLZO and 56H-LLZO, while it is three orders smaller in 
35H-LLZO. These results indicate that the Li+ and H+ ion conductivities are significantly 
decreased at the major level of proton contamination above 60 %. 
Ionic trajectories were obtained to examine the role of proton in decreasing the ion 
diffusivity in protonated LLZO. Figure 4.7 shows isosurfaces of the Li+ and H+ ion probability 
densities (2P0) for Pure and H-LLZO cells, obtained from 40 ps AIMD simulations at 1000 and 
700 K. As predicted from the Arrhenius plot, the isosurfaces for Li are well-connected in 5H-
LLZO, indicative of a high Li-ion diffusivity. In contrast, these features are more fragmented in 
35H-LLZO, consistent with lower mobility. In the case of H+, for low proton concentrations the 
trajectory isosurfaces resemble that of Li+ (with the exception that much less H+ is present 
compared to Li+). However, at the higher protonation level H+ exhibits localized displacements 
which appear to be more compact that those of Li+. This behavior suggests that H+ acts to 
partially block Li ion diffusion at high proton concentrations. 
Table 4.2 Activation energy and extrapolated ionic conductivity at 300 K  
 Ea for σLi 
(eV) 
Ea for σH 
(eV) 
σLi at 300 K 
(S cm-1) 
σH at 300 K 
(S cm-1) 
Pure LLZO 0.22 N/A 3.2 × 10-3 N/A 
5H-LLZO 0.22 0.24 2.6 × 10-3 2.5 × 10-4 
35H-LLZO 0.32 0.41 5.3 × 10-5 4.4 × 10-6 
56H-LLZO N/A 0.26 N/A 4.5 × 10-4 
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Figure 4.7  Isosurfaces of Li+ and H+ probability densities from 40 ps AIMD simulations at T 
= 700 and 1000 K plotted for a density of 2P0. (P0 represents the respective mean probability 
density.) (a, e) Pure LLZO; (b, f) 5H-LLZO; (c, g) 35H-LLZO; and (d, h) 56H-LLZO. For 
clarity, only Li and H atoms are shown. Blue isosurfaces correspond to the probability density 
for Li-ions, yellow isosurfaces correspond to protons. 
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4.4 Conclusions 
The impact of air exposure on the LLZO surface are examined using DFT calculations. The 
calculations indicate that Li+/H+ exchange with formation of LiOH is a thermodynamically 
favorable route for the subsequent formation of a Li2CO3 layer on the surface of LLZO, while 
direct hydration and carbonation of LLZO is found to be thermodynamically unfavorable.  
The formation of contamination layers at the LLZO surface has a significant effect on the 
Li-LLZO interfacial resistance. The Li wettability is examined as a means to explain the origin 
of high interfacial resistance in the presence of a contamination layer. DFT Calculations indicate 
that Li strongly wets LLZO, but not Li2CO3 and LiOH, which is consistent with the 
measurements of contact angle. The removal of surface contamination dramatically reduces the 
interfacial resistance to 2 Ω cm2, comparable to solid-liquid interfaces in Li-ion cells. 
The transport properties in protonated LLZO are studied using AIMD. The Li ionic 
conductivity in protonated LLZO is comparable to that in pure LLZO at the minor level of 
protonation (~10 %), while Li ion conductivities are significantly decreased at the major level of 
proton contamination (~ 60%). At the higher protonation level, H+ exhibits localized 
displacements suggesting H+ acts to partially block Li ion diffusion. 
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Chapter 5 Elastic Properties 
 
5.1 Introduction 
A viable solid electrolyte (SE) should exhibit appropriate mechanical properties. In particular, 
the elastic moduli of a SE are of key importance. First, it is believed that a SE’s shear modulus 
impacts the tendency for dendrites to form on the anode surface during plating.15 Linear 
elasticity analyses performed by Monroe and Newman suggest that the shear modulus should be 
at least twice that of Li metal in order to prevent dendrite nucleation.15 Secondly, the Young’s 
modulus impacts the fracture strength of a SE. Based on Griffith theory, the fracture strength can 
be estimated using the Young’s modulus and the surface energy.104  
Unfortunately, very few investigations of the mechanical properties of LLZO have been 
reported. Ni et al.105 measured the room temperature elastic moduli (Young’s modulus, E, shear 
modulus, G, bulk modulus, B, and Poisson’s ratio, ν) of Al-doped cubic LLZO 
(Li6.24Al0.24La3Zr2O11.98, volume fraction porosity, 𝑃 = 0.03) using resonant ultrasound 
spectroscopy (RUS).105 The values reported were E = 149.8 GPa, G = 59.6 GPa, and B = 102.8 
GPa. On the other hand, the elastic properties of Ta-doped LLZO are not available in the 
literature. Similarly, an evaluation of the elastic constants of LLZO also appears to be absent. 
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The present study aims to close these knowledge gaps by determining the elastic 
constants and moduli for Al- and Ta-doped LLZO using first-principles computation. Multiple 
experimental measurements were compared to values predicted by Density Functional Theory 
(DFT) calculations. In addition, the elastic properties of metallic Li were re-visited 
computationally. This data was used with the elasticity analyses of Monroe and Newman,15 and 
in combination with the measured LLZO elastic properties, to assess the effectiveness of LLZO 
in suppressing dendrite formation at the Li-LLZO interface. 
We find that the predicted and measured elastic properties for LLZO are in excellent 
agreement. For example, the calculated elastic constants are within 5% of the nanoindentation 
measurements, with Young’s modulus values (E) ranging from 147 to 154 GPa across the Al and 
Ta-doped LLZO compositions. Furthermore, the predicted data are consistent with impulse 
excitation measurements, which capture the polycrystalline microstructure of LLZO specimens; 
in this case E values between 140 and 146 GPa were obtained for specimens of relative density 
greater than 98%. Finally, the measured and calculated shear modulus (G) for Al/Ta-doped 
LLZO is approximately 60 GPa. This value is more than an order of magnitude larger than that 
of BCC Li. Hence, based on the model of Monroe,15 both LLZO compositions may be stiff 
enough to suppress lithium dendrite formation. These data provide important insights into the 
mechanical properties of the Li-LLZO interface.  
 
5.2 Methodology 
DFT calculations were performed using GGA-PBE as the exchange correlation energy. An 
energy cutoff of 600 eV was used for the plane wave basis. Extensive K-point convergence 
testing was performed so as to obtain accurate elastic properties. Calculations employing up to a 
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46×46×46 k-point mesh (2300 irreducible k-points) were used for metallic Li, and a 4×4×4 mesh 
(32 irreducible k-points) was used for LLZO. The convergence criterion for the electronic self-
consistency loop was set to 10-5 eV (5.32×10-5 meV/atom for LLZO) and atomic positions were 
relaxed (for a specified cell shape and volume) until the forces were less than 0.01 eV/Å. 
Simulation cells were based on the experimental Al-doped106 and Ta-doped32 LLZO 
cubic crystal structures, as shown in Figure 5.1. For pristine LLZO cells, Li was distributed on 
the partially-occupied 24d and 96h sites with occupancies of 0.543 and 0.448 using a procedure 
that excluded occupation of electrostatically-unfavorable first nearest-neighbor sites.36  
In the Al-doped structure (Li6.25 Al0.25La3Zr2O12), two randomly-selected 24d Li sites 
were replaced by Al. (Li 24d sites have been previously identified as the most energetically 
favorable sites for Al doping.107) To maintain charge neutrality, a total of four Li atoms located 
near the Al-sites were also removed from the cell. Likewise, for the Ta-doped structure 
(Li6.5La3Zr1.5Ta0.5O12), four Zr atoms were replaced by an equivalent number of Ta dopants,32 
and a total of four Li vacancies were created to maintain charge neutrality. The resulting 
 
Figure 5.1 Atomic structure of the computational cells for (a) Li6.25Al0.25La3Zr2O12 and (b) 
Li6.5La3Zr1.5Ta0.5O12. AlnT∙∙  and Ta½D∙  denote, respectively, Al substitution on Li sites and Ta 
substitution on Zr sites, using Kröger–Vink notation. 
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occupancies of the 24d sites are 0.458 (equivalent to 11 Li+ ions in unit cell) for both the Al and 
Ta-doped cells, and 0.406 and 0.427 (equivalent to 39 and 41 Li+ ions in unit cell) for the 96h 
sites, respectively. To facilitate comparisons with the mechanical properties of a Li anode, the 
elastic properties of metallic BCC lithium were also investigated.  
The elastic properties of a solid phase having a cubic crystal structure can be described 
using three elastic constants: 𝐶^^, 𝐶^`, and 𝐶ââ.108 The elastic constants were evaluated using 
Hook’s law by calculating the total energy as a function of strain. In addition to being ingredients 
in the calculation of the elastic and shear moduli (described below), the elastic constants 
constitute fundamental mechanical properties of a crystalline phase. For example, these data may 
be useful in follow-on studies involving mesoscale modeling of LLZO-based separators. Three 
methods were explored for determining the 𝐶^^ and 𝐶^` elastic constants for LLZO: 
Method A: Direct calculation of 𝐶^^ and the bulk modulus, B. In this case the uniaxial 
strain, 𝐶^^, was determined by incrementally expanding or contracting the crystal along a [100] 
direction (up to ±3% of the minimum-energy lattice constant), and fitting the resulting energy-
strain data to a quadratic polynomial. Next, the bulk modulus, B, was obtained by fitting total 
energy vs. volume data to the Murnaghan equation of state.91 𝐶^` was then derived using B and 𝐶^^, using the relation (5.1):108  𝐵 = 13 (𝐶^^ + 2𝐶^`) (5.1) 
Method B: Direct calculation of 𝐶^^ and the difference 	𝐶^^ − 𝐶^`.	 The difference	𝐶^^ −𝐶^`,	defined as 𝛥^^^`, can be independently derived by shearing the crystal with an 
orthorhombic strain,108  
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𝜀 = è𝛿 0 00 −𝛿 00 0 𝛿`/(1 − 𝛿`)é (5.2) 
Here, (𝛥^^^`)/2 represents the resistance to a shear stress applied across the (110) plane in the 
[1150] direction.109 𝛿 refers to a small strain, which in our calculations is on the order of 0.02. 𝐶^` 
can then be obtained using a combination of 𝐶^^ and 𝛥^^^`.  
Method C: Direct calculation of B and 𝛥^^^`. In this case 𝐶^^ and 𝐶^` are evaluated 
using Eq. 5.1 and the definition of 𝛥^^^`. 
For all methods 𝐶ââ was obtained by incrementally shearing the crystal with a monoclinic 
strain,108  
𝜀 = ê 0 𝛿/2 0𝛿/2 0 00 0 𝛿`/(4 − 𝛿`)ë (5.3) 
and fitting to a quadratic polynomial. In this case 𝛿 was varied between -0.03 and +0.03. 
Subsequently, the directional properties of the Young’s modulus, 𝐸[^MM], 𝐸[^^M], and	𝐸[^^^], and the shear modulus, 𝐺[^MM], 𝐺[^^M], and	𝐺[^^^], were derived from the 
elastic constants 𝐶^^, 𝐶^`, and 𝐶ââ according to:110  
𝐸[^MM] = (𝐶^^ − 𝐶^`)(𝐶^^ + 2𝐶^`)(𝐶^^ + 𝐶^`)  (5.4a) 
𝐸[^MM] = (𝐶^^ − 𝐶^`)(𝐶^^ + 2𝐶^`)(𝐶^^ + 𝐶^`)  (5.4b) 
𝐸[^^M] = 4(𝐶^^ − 𝐶^`)(𝐶^^ + 2𝐶^`)𝐶ââ2𝐶^^𝐶ââ + (𝐶^^ − 𝐶^`)(𝐶^^ + 2𝐶^`)	 (5.4c) 𝐺[^MM] = 𝐶ââ (5.5a) 
𝐺[^^M] = 2(𝐶^^ − 𝐶^`)𝐶ââ𝐶^^ − 𝐶^` + 2𝐶ââ (5.5b) 
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𝐺[^^^] = 3(𝐶^^ − 𝐶^`)𝐶ââ𝐶^^ − 𝐶^` + 4𝐶ââ (5.5c) 
These values allow for estimating the anisotropy of the elastic moduli. The polycrystalline 
isotropic shear modulus, 𝐺, was obtained using the calculated elastic constants in combination 
with the Voigt–Reuss–Hill averaging scheme:110  
𝐺 = 12 g𝐶^^ − 𝐶^` + 3𝐶ââ5 + 5𝐶ââ(𝐶^^ − 𝐶^`)4𝐶ââ + 3(𝐶^^ − 𝐶^`)h (5.6) 
Finally, Young’s modulus, 𝐸, and Poisson’s ratio, 𝜈, assuming an isotropic polycrystalline 
material, were evaluated using:  
𝐸 = 9𝐺𝐵3𝐵 + 𝐺 (5.7) 
𝜈 = 3𝐵 − 2𝐺2(3𝐵 + 𝐺) (5.8) 
 
5.3 Results and Discussion 
5.3.1 Elastic Properties of Al and Ta-Doped LLZO 
Figure 5.2(a) shows the total energy of Al-doped LLZO as a function of cell volume, and the 
associated fit of this data to the Murnaghan equation of state. Similarly, Figure 5.2(b), (c), and 
(d) show the total energy as a function of uniaxial, monoclinic, and orthorhombic strain, 
respectively; solid lines represent fits to a quadratic polynomial. A 2×2×2 k-point mesh (4 
irreducible k-points) was determined to be sufficient to achieve converged values for the bulk 
modulus and elastic constants; this k-point mesh was also adopted for calculations of the elastic 
constants, 𝐶^^, 𝐶^`, and 𝐶ââ.  
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As mentioned earlier, three methods were explored for determining the elastic constants. 
All three approaches employ a direct calculation for 𝐶ââ, but then use two different independent 
quantities to derive the remaining elastic properties. The elastic constants for LLZO derived from 
these three methods have very similar values, as shown in Table 5.1. The elastic moduli and 
Poisson’s ratio were derived using Eq. (5.1), (5.4)-(5.7). 
The elastic constants and moduli of Al-doped LLZO are summarized in Table 5.2. The 
calculated values were determined using method A (via independent calculations of B, 𝐶^^, and 𝐶ââ). The calculated B, E, and G at zero Kelvin are 112.4 GPa, 162.6 GPa and 64.6 GPa, 
respectively. The elastic moduli of oxides typically decrease with increasing temperature. 
 
Figure 5.2 A Calculated total energy (or energy density) of Al-doped LLZO as a function of 
the (a) cell volume, (b) uniaxial strain, (c) monoclinic strain, and (d) orthorhombic strain. 
 59 
Representative decreases for common oxides between 0 and 298 K are: ~4 % for MgO, ~1 % for 
Al2O3,111 and ~9 % for Li2O.112 We therefore assume that the calculated moduli of LLZO at 0 K 
should be reduced by ~5% to estimate behavior at room temperature. Adopting this scaling 
factor, we arrive at room temperature values of 154.5 GPa and 61.4 GPa for E and G, 
respectively.  
Methods A-C were also used to calculate the elastic constants of Ta-doped LLZO. The 
elastic constants derived from the three methods have very similar values. In Table 1, the 
Table 5.1 Calculated elastic properties of Al-doped LLZO (Li6.25Al0.25La3Zr2O12) as a function 
of calculation methoda  
Method B C11 C12 C44 E[100] E[110] E[111] E G[100] G[110] G[111] G 𝜈 
A 112.4*  187.0*  75.1  71.0*  144.0  166.8  176.0  162.6  71.0  62.6  60.2  64.6  0.26 
B 113.2  187.0*  76.2*  71.0*  142.8  166.5  176.2  162.2  71.0  62.2  59.8  64.3  0.26 
C 112.4*  186.2  75.5*  71.0*  142.7  166.3  176.0  162.0  71.0  62.2  59.8  64.3  0.26 
aValues marked with an asterisk denote data evaluated directly from DFT calculations; the 
remaining values were derived using Eq. (5.1), (5.4)-(5.7). The elastic constants and moduli are 
expressed in GPa.   
 
Table 5.2 Elastic properties of Al-doped and Ta-doped LLZOa  
 C11 C12 C44 B E G 𝜈 
Al-doped LLZO 
DFT (0 K) 187.0 75.1 71.0 112.4 162.6 64.6 0.26 
DFT extrapolated (298 K)     154.5 61.4  
Impulse excitation (298 K)    100.2 ± 0.6 146.1 ± 0.8 58.1 ± 0.3  
Nanoindentation (298 K)     150.3 ± 2.2 59.8 ± 0.9  
RUS (298 K) Ref. A     102.8 ± 0.3 149.8 ± 0.4 59.6 ± 0.1 0.257±0.002 
Ta-doped LLZO 
DFT (0 K) 169.8 63.9 69.8 99.2 154.9 62.5 0.24 
DFT extrapolated (298 K)     147.2 59.4  
Impulse excitation (298 K)    96.0 ± 1.4 139.9 ± 2.1 55.7 ± 0.8  
Nanoindentation (298 K)     153.8 ± 2.7 61.2 ± 1.1  
aThe elastic constants and moduli are expressed in GPa. 
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calculated B, E, and G evaluated using method A are 99.2, 154.9 and 62.5 GPa, respectively. 
Assuming a 5% softening of moduli between 0 and 298 K, the predicted values of 𝐸 and 𝐺 at 
room temperature are 147.2 and 59.4 GPa, respectively.  
From nanoindentation, the Young’s modulus (E) of the Al-doped LLZO is 150.3 ± 2.2 
GPa; for Ta-doped LLZO a value of 153.8 ± 2.7 GPa was measured. Because the size of each 
nanoindentation is approximately 500 nm - which is 2 to 100 times smaller than the diameter of 
each grain - the elastic moduli values are approximately equivalent to an average over several 
single grain/quasi-single crystal measurements performed on random orientations. Thus, when 
comparing the calculated (154.5 and 147.2 GPa, respectively) and measured average quasi-single 
crystal values, excellent agreement is achieved (Table 5.2). At 298 K the Al-doped and Ta-doped 
calculated and measured quasi-single crystal elastic moduli are within 3 and 5 %, respectively.  
Indeed, theory predicts the Ta-doped LLZO should have a lower elastic modulus compared to 
the Al-doped LLZO.  However, the relatively small difference in values could be due to 
experimental error.  
By impulse-excitation, the E of the Al-doped LLZO is 146.1 ± 0.8 GPa and Ta-doped 
LLZO is 139.9 ± 2.7 GPa (Table 5.2). Because the impulse excitation technique interrogates the 
specimen volume beneath the transducer (8 mm diameter) and the grains are < 50 µm, the elastic 
moduli represent isotropic bulk polycrystalline values that include < 2% porosity.  The error in 
the elastic moduli is primarily a function of the variation in the specimen thickness.  
Experimentally, G measured by nanoindentation is 59.8 ± 0.9 GPa for Al doped LLZO 
and 61.2 ± 1.1 GPa for the Ta- doped sample (Table 5.2).  By impulse excitation G is 58.1 ± 0.3 
GPa for Al doped LLZO and 55.7 ± 0.8 GPa for Ta-doped LLZO (Table 5.2). Importantly, from 
Table 5.2 it can be observed that the calculated and measured (by both impulse excitation and 
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nanoindentation) E and G moduli are within 5%. In addition, from Table 5.2 it can be observed 
that experimental and calculated E and G values for Al-doped LLZO are consistent with 
literature values reported from RUS measurements of similar Al-doped LLZO.105  
The average of the calculated, nanoindentation, and impulse excitation measurements for 
E (Table 5.2 at 298 K) for Al and Ta-doped LLZO is 150 GPa and 147 GPa, respectively. Using 
ν = 0.26 (Table 5.2) and equation 5.10, these elastic moduli averages give average shear moduli 
of 60 GPa and 58 GPa for the Al and Ta-doped LLZO, respectively. The significance of these 
values will be discussed below after we revisit the shear moduli data for Li. 
 
5.3.2 Ductility and Elastic Anisotropy  
In addition to being stiff to prevent dendrite penetration, some degree of ductility would also be 
desirable in a SE so as to maintain good interfacial contact with an electrode during cycling. As a 
rough estimate of the ductility of LLZO, we have calculated the ratio of the bulk modulus to the 
shear modulus, 𝐵/𝐺, which indicates the ductility/brittleness nature of a solid. According to 
Pugh’s criterion,113 the critical 𝐵/𝐺 value for a transition from brittle to ductile behavior is 1.75. 
The calculated 𝐵/𝐺 values for Al and Ta-doped LLZO are 1.74 and 1.59, respectively. A strict 
interpretation of Pugh’s criterion indicates that both compounds should therefore be considered 
brittle materials, with the Al-doped variant being the more ductile of the two compositions. The 
brittle behavior of both compounds is consistent with the general properties of oxides such as γ-
SiO2, for which 𝐵/𝐺 = 1.4.114  
The predicted brittle nature of the two LLZO compositions is in agreement with fracture 
toughness results of Wolfenstine et al.115 on Al doped LLZO (Li6.24Al0.24La3Zr2O11.98) where a 
fracture toughness of ~1.25 MPa-m1/2 was measured.  This value can be compared to fracture 
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toughness values of ~1 MPa-m1/2 for an ideal brittle material, such as silicate glass, and 25-35 
MPa-m1/2 for ductile metals like aluminum.  
Both Al and Ta-doped LLZO exhibit elastic anisotropy: the Young’s modulus projected 
onto the [111] direction is the largest of the 3 directions, with the [100] projection being the 
smallest. The ratio 𝐸[^^^]/	𝐸[^MM] is 1.22 and 1.26 for Al and Ta-doped LLZO, respectively. The 
Zener anisotropy ratio, 𝐴, which is given by 𝐴 = `îïïîððîðñ describes the elastic anisotropy of a cubic crystal, with a value of 𝐴 = 1 indicating an 
isotropic material. For Al and Ta-doped LLZO, anisotropy ratios of 1.27 and 1.32 were 
calculated, respectively. To place these values in context, we note that several oxides have high 
anisotropy ratios: for example, 2.38 for BaTiO3, 2.15 for MgAl2O4 and 2.14 for UO2. On the 
other hand, common isotropic oxides include: NiO (1.45), MnO (1.54), and MgO (1.55).116 Since 𝐴 ≅ 1 for Al and Ta-doped LLZO, we conclude that their elastic properties are relatively 
isotropic. 
 
5.3.3 Elastic Properties of Metallic Lithium 
The calculated elastic constants and moduli for BCC Li are summarized in Tables 5.3 and 5.4. 
Values reported there are for Method A. The values for B, 𝐶^^, and 𝐶ââ at zero Kelvin were 
obtained using direct DFT calculations, while the other elastic properties were derived from 
those values using Eq. (5.4)-(5.7). In Table 5.3, the calculated values for B, 𝐶^^, and 𝐶ââ are 13.7 
GPa, 15.3 GPa and 11.3 GPa, respectively. These values are in very good agreement (differing 
by only 3%) with the experimental data, which fall within the ranges 13.1 - 13.8 GPa (B), 14.6 - 
15.4 GPa (𝐶^^) and 11.3 - 11.4 GPa (𝐶ââ) GPa at 0 K.117–119 At room temperature the 
experimental values are approximately 15% lower.118–120 Thus, the predicted E and G values are 
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approximately 11.1 and 4.25 GPa, respectively, when extrapolated to room temperature using a 
similar scaling factor (reduction of 15%).  
The predicted value for E of 11.1 GPa at room temperature can be compared to room 
temperature experimental values for Li of 8 GPa121 and 4.9 GPa122, as determined by resonance 
spectroscopy and from static bending tests under oil, respectively. The predicted value is 
reasonable agreement with the resonance value and about twice higher than the static value. It is 
Table 5.3 Elastic Properties of BCC Lia  
 B C11 C12 C44 E G 𝜈 
0 K 
DFT (present study) 13.7 15.3 12.8 11.3 13.0 5.0 0.34 
Experiment Ref. 117 13.8 15.4 13.0 11.3 12.9* 4.9*  
Experiment Ref. 118 13.2 14.7 12.5 11.3 12.6* 4.8*  
Experiment Ref. 119 13.1 14.6 12.4 11.4 12.6* 4.8*  
298 K 
DFT (present study)     11.1 4.25  
Experiment Ref. 118  12.0 13.4 11.3 8.9 10.6* 4.0*  
Experiment Ref. 119  11.9 13.3 11.2 8.8 10.5* 4.0*  
Experiment Ref. 120  12.0 13.4 11.3 8.8 10.5* 4.0*  
Experiment Ref. 121     8.0   
Experiment Ref. 122      4.9   
aThe elastic constants and moduli are expressed in GPa. Values marked with an asterisk are 
derived using Eq. (5.6) and (5.7). DFT values were extrapolated to 298 K by reducing the zero 
Kelvin values by 15%. 
  
Table 5.4 Calculated elastic properties of BCC Li evaluated using method Aa  
B C11 C12 C44 E[100] E[110] E[111] E G[100] G[110] G[111] G 𝜈 
13.7* 15.3* 12.8 11.3* 3.6 10.3 26.6 13.0 11.3 2.2 1.8 5.0 0.34 
aValues marked with an asterisk denote data evaluated directly from DFT calculations; the 
remaining values were derived using Eq. (5.1), (5.4)-(5.7). The elastic constants and moduli are 
expressed in GPa.    
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known that dynamic values are in general more accurate than static values as a result of 
experimental difficulties (e.g. friction at the load points).  
 
5.3.4 Discussion and Implications  
Microstructural features such as (i) porosity, (ii) second phases, (iii) texture, and (iv) grain size 
can influence the experimental modulus. Although calculated and measured moduli are in very 
good agreement, these four features could, in principle, account for differences between theory 
and experiment. As described above, the LLZO samples examined here are close to theoretical 
density, contain no second phases and have no texture.105 This rules out contributions from 
factors (i)−(iii). Furthermore, it has been previously established that the modulus is independent 
of grain size and grain boundary characteristics when the grain size is in the micrometer range.123 
Since the grain size of both LLZO samples is within this range, 5−50 µm for the Al-doped 
specimen and 1−10 µm for the Ta-doped specimen, this rules out factor (iv). Therefore, the 
experimental modulus is not strongly influenced by micro- structural features and can be directly 
compared to the DFT values. Furthermore, our data suggests that variations in the vacancy 
content of the Li sublattice (brought about by doping with either Al or Ta) do not have a large 
effect on elastic properties for the doping levels considered here. It appears that contributions 
from the other sublattices (Zr, O, La) have a larger influence on these properties.  
According to the model of Monroe et al., a solid electrolyte having a shear modulus that 
is a factor of 2 times greater than the shear modulus of metallic Li should suppress dendrite 
initiation.15 Given the calculated shear modulus for Li determined in this work (4.25 GPa), a 
solid electrolyte having a room temperature shear modulus greater than approximately 8.5 GPa is 
required to suppress dendrite formation. The averaged shear moduli of Al- and Ta-doped LLZO, 
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58−60 GPa, are more than 10 times greater than the shear modulus of Li and, therefore, could 
suppress Li dendrite formation. Nevertheless, it is important to recognize that scenarios exist in 
which dendrites could still form even in the presence of a solid electrolyte that satisfies Monroe’s 
criterion. This could occur, for example, in cases where significant porosity exists at the 
electrolyte/anode interface. In other words, satisfying Monroe’s criterion should be viewed as a 
necessary, but not sufficient condition for a viable solid electrolyte. As the integrity of the 
electrode/electrolyte interface is critical, the elastic properties of the electrode materials are also 
an important factor in the performance of solid-state batteries.  
It is instructive to compare the elastic properties of LLZO to those for other solid oxide 
Li-ion conductors. The Young’s modulus for LATP (Li1+xAlxTi2-x(PO4)3 with x»0.3) determined 
from stress-strain curves at low strains is approximately 115 GPa.124 For Li3xLa0.67-xTiO3 with 
x»0.11 (LLTO) E ~193 GPa was determined from nanoindentation and resonant ultrasound 
spectroscopy.125 Finally, LiPON thin films have E = 77 GPa as determined using 
nanoindentation.126 Thus, the LLZO E value of ~150 GPa reported here is higher than that for 
LATP and LiPON, but smaller than that for LLTO.  
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5.4 Conclusions 
High ionic conductivity is a necessary, but not sufficient condition for a viable solid electrolyte: 
to enable use of a metallic lithium anode, such an electrolyte must also be stiff enough to 
suppress Li dendrite formation during plating.  Consequently, the elastic properties of the solid 
electrolyte are a highly important – yet occasionally overlooked – feature in the design of all-
solid-state batteries.  The linear elasticity model of Monroe and Newman suggests that a solid 
electrolyte having a shear modulus greater than approximately 8.5 GPa can suppress dendrite 
formation on a Li anode. The present calculations yield averaged shear moduli for Al and Ta-
doped LLZO of 58-60 GPa, far exceeding the targeted value. The high shear moduli reported 
here suggest that an LLZO-based solid electrolyte could enable long-lived Li-metal batteries.  
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Chapter 6 Grain Boundary Contributions to Li-Ion Transport 
 
6.1 Introduction 
Typical protocols for the synthesis of LLZO generate samples that are polycrystalline.55–59 It is 
well-known that interfaces between individual crystallites, known as grain boundaries (GBs), can 
strongly influence the properties of essentially all types materials. In the case of LLZO, GB-
related phenomena have been implicated in two areas: the transport of Li- ions55,56 and short-
circuiting52,54,127,128.    
Regarding transport, GBs can either suppress or enhance the rates of ionic diffusion in 
polycrystalline oxides. For example, ionic diffusion is enhanced (relative to bulk diffusion) due 
to the presence of GBs in Al2O3,129 HfO2,130 and UO2.131 Conversely, GBs hinder ion transport in 
SrTiO3,132 YSZ,133 and doped CeO2.134  
In LLZO, GB resistance has been reported to decrease Li-ion conductivity.55–59 These 
effects can be partially minimized by altering the synthesis conditions to increase the density of 
LLZO (by reducing porosity), increasing the grain size (i.e., minimize the volume fraction of 
GBs), and/or improving contact at the GBs.56 For example, increasing the hot pressing 
temperature to 1100°C resulted in higher density LLZO samples (99% of theoretical density) and 
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larger grain sizes; consequently, the GB contribution to the total resistance decreased to 8%, 
compared to a larger 26% contribution for hot pressing at a lower temperature of 1000°C.56  
Regarding short circuiting, recent studies have shown that Li metal ‘dendrites’ can 
penetrate stiff LLZO membranes along its GB network, resulting in cell failure.52,54,127,128,135 This 
surprising result indicates that microstructural features, and not elastic properties alone,15,60 
should be considered in the design of practical solid electrolytes. 
The preceding examples suggest that understanding the connection between structure and 
transport (of Li metal and Li-ions) at GBs will accelerate the development of solid electrolytes. 
Despite the importance of GBs, the atomic-scale processes occurring at GB in LLZO remain 
poorly understood. The study reported in this chapter aims to close this knowledge gap by 
combining classical Monte Carlo and molecular dynamics (MD) simulations to predict the 
energetics, composition, and transport properties of three low-energy (S3 & S5) symmetric tilt 
GBs in LLZO.  
MD calculations reveal that the equilibrium composition near GBs in LLZO (i.e., in the 
GB plane) is enriched with Li, and to a lesser extent with oxygen. MD simulations on these off-
stoichiometric structures indicate that the mobility of Li-ions is generally reduced in all three GB 
(compared to bulk LLZO), although the magnitude of this reduction can be small in compact 
boundaries, and at the high temperatures encountered during synthesis (~1000 K). The 
suppression of Li-ion mobility is largest in the S5 boundaries, where our calculations predict 
activation energies for diffusion are up to 35% greater than in the bulk. In contrast, diffusion in 
the compact S3 boundary is characterized by an activation energy that is identical to bulk LLZO. 
Consequently, the rate of Li migration in this GB is only slightly suppressed, with the 
suppression attributed to the diffusion prefactor. Similar to the bulk, diffusion in both of the Σ5 
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GBs is largely isotropic. In contrast, diffusion in the Σ3 boundary is anisotropic at lower 
temperatures. In this case, diffusion in the boundary plane is faster than bulk transport, while 
trans-boundary diffusion (i.e., across the boundary plane) is approximately 200 times slower than 
the bulk. 
These data suggest that low-energy GBs provide a ‘mixed’ contribution to Li-ion 
transport in LLZO: more compact boundaries allow for faster diffusion (i.e., comparable to 
bulk), while diffusion is significantly retarded in boundaries with larger excess volumes. The 
opposing impact of these boundaries indicates that the net effect of GBs on Li-ion transport 
could be modest in samples that are processed under conditions amenable to achieving a high 
fraction of low-energy, compact boundaries. This observation is consistent with experimental 
measurements showing that the GB resistance in LLZO is relatively small in samples that are 
processed at high temperatures.56 
Although the low energies of the GBs studied here suggest that they will be present in 
annealed samples, lower-temperature synthesis routes could generate higher-energy GBs with 
less-compact structures. Such GBs are expected to have a larger impact on Li-ion conductivity, 
and therefore should be considered in future studies.   
 
6.2 Methodology 
Symmetric tilt GBs with coincident site lattice (CSL) designations of Σ3 and Σ5 were 
examined.136,137 Three boundary geometries were considered: Σ5(310)/[001], Σ5(210)/[001], and 
Σ3(112)/[1150].136,138 At present, a thorough characterization of GBs in LLZO has not yet been 
reported; however, the geometries examined here are likely to be relevant boundaries, as they 
have been identified as low energy orientations in BCC metals,136,138 and the Zr sub-lattice in 
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LLZO is BCC. The low energies of these GB suggest that they are likely to be present in samples 
processed at high temperatures, such as in hot-pressing.56,136  
Figure 6.1 shows the structure of the initial (unrelaxed) GB computational cells. The cells 
contain 160 (S5(310)), 80 (S5(210)), and 96 (S3(112)) formula units of LLZO, respectively. All 
cells contained stoichiometric quantities of LLZO. Geometry optimization calculations were 
performed using the conjugate gradient algorithm implemented in LAMMPS.86  
The energies of the GBs were evaluated (following geometry optimization) according to: 𝛾q¿ = (𝐸q¿ − 𝑛𝐸¿AS)/2𝐴 (6.1) 
where 𝐸q¿ is the total energy of the GB-containing cell, 𝑛 is the number of LLZO formula units 
in that GB cell, 𝐸¿AS is the total energy per formula unit of bulk LLZO, and 𝐴 is the area of GB 
plane. The factor of 2 accounts for the fact that each simulation cell contains 2 GBs. A supercell 
based on a 3 × 3 × 3 replication of the conventional unit LLZO cell was used for bulk LLZO.  
 
Figure 6.1 Unrelaxed structures of the three symmetric tilt GBs examined in this study: (a,d) 
Σ5(310), (b,e) Σ5(210), and (c,f) Σ3(112). Panels (a)-(c) illustrate the coincident-site nature of 
these GBs, which arises from the BCC Zr sublattice.  
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Molecular dynamics and Monte Carlo simulations were conducted using LAMMPS.86 All 
calculations were performed using a force-field based on Morse-type interactions derived from 
softBV bond valence parameters.83–85 Prior calculations with this force field yielded good 
agreement with measured static and dynamic properties of LLZO.85,98  
After an initial geometry optimization, the GB-containing and bulk LLZO cells were 
heated to selected target temperatures using the NPT MD ensemble with a heating rate of 1 K/ps. 
This procedure accommodates thermal expansion and volume changes associated with the 
presence of the GBs. The time step for MD was 2 fs. Upon reaching the target temperature 
(ranging from 700 to 1100 K), the cells were then equilibrated with MD using the NPT and 
(subsequently) NVT ensembles for 3 ns for each ensemble. Next, NVT Monte Carlo simulations 
were performed using the Metropolis algorithm, with a maximum displacement value, rmax = 0.5 
Å, selected to achieve a displacement-acceptance ratio of approximately 0.1. More than 107 MC 
move attempts were performed for each GB cell; the goal of the MC calculations is to establish 
the stoichiometry of the GB region, which can potentially differ from the bulk stoichiometry due 
to segregation. The composition as a function of position normal to the GB plane was obtained 
by averaging within 60 contiguous rectangular regions in the MC-equilibrated cells. 
Finally, the diffusivity of Li was calculated using NVT MD at five temperatures: 700, 
800, 900, 1000, and 1100 K. Supercells built from 1 × 1 × 4, 1 × 2 × 4, and 1 × 2 × 3 replicas of 
the MC-equilibrated cells (resulting in 640, 640, and 576 f.u. of LLZO) were used for the 
Σ5(310), Σ5(210), and Σ3(112) systems, respectively. The diffusion coefficient was obtained by 
evaluating the mean squared displacement (MSD) of Li ions over a time t,  𝐷 = ^`ôõ 〈[𝒓(𝑡 + 𝑡M) − 𝒓(𝑡M)]`〉  (6.2) 
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Here, d is the dimensionality of the system,	𝑡M is the initial time, and the angled brackets indicate 
an average over all Li ions.  Following a 1 ns startup period, MSD data was collected over a 5 ns 
MD window. Three NVT calculations of the MSD were performed for each simulation using 
different initial velocities; the standard deviations of these runs were used to establish error bars 
about the mean diffusivities. The diffusivity at room temperature was evaluated by extrapolating 
higher-temperature data collected between 700 and 1100 K. This extrapolation is necessary 
because the cubic phase of undoped LLZO is unstable with respect to the lower-conductivity 
tetragonal polymorph at room temperature. The diffusivity of Li-ions near the GB and in the bulk 
region was distinguished by dividing the space within the cells into 10 adjacent, non-overlapping 
rectangular regions. Atoms were assigned to a region based on their position at the end of the 1 
ns startup MD phase.  
Although all Li-ions in bulk LLZO are typically considered to be mobile, this assumption 
may not be valid near GBs due to the distinct atomic structure of the GB plane. The possibility 
for immobile Li was assessed by calculating the mobility of each Li ion. More specifically, a 
given Li-ion was defined as immobile if its MSD was always less than 4 Å2 when assessed at 0.5 
ns intervals within the 5 ns MD window. As shown below, this analysis confirms that essentially 
all Li in bulk LLZO are mobile, whereas a significant fraction of Li at GBs is immobile.  
 
6.3 Results and Discussion 
6.3.1 The Energetics and Composition 
GB energies and excess volumes for the three systems described above were evaluated following 
geometry optimization at zero Kelvin. The calculated excess volumes for the Σ5(310), Σ5(210), 
and Σ3(112) GBs are, respectively, 313, 243, and 10 Å3. These volumes are a small fraction – 1% 
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or less – of the total volume of the GB-free cell. The corresponding GB energies are 1.36, 1.39, 
and 1.01 J/m2. The observed correlation between the GB energy and excess volume is consistent 
with previous calculations on Cu and Ni GBs,139 where the Σ5 systems exhibited larger energies 
and excess volumes compared to the Σ3 system. Similarly, the trend in LLZO GB energies is in 
good agreement with calculations on the same GBs in BCC Fe, where the energies for Σ5(310) 
and Σ5(210) were reported to be higher than that of Σ3(112).136,138  
Monte Carlo equilibration at 1000 K resulted in more uniformity and a reduction in 
magnitude of the GB energies and volumes. Relaxation of the MC-equilibrated GBs yielded 
excess volumes of 30, 80, and 13 Å3 for the Σ5(310), Σ5(210), and Σ3(112) GBs, with 
corresponding GB energies of 0.73, 0.52, and 0.54 J/m2. The reductions in GB volume and 
energy are a consequence of (local) changes to the composition in the GB plane that occur during 
the MC equilibration.  
All atoms are uniformly distributed in the as-built cell. However, changes in the 
composition profiles begin to emerge following the initial structure relaxations. These effects are 
further magnified following heating via NPT MD and following MC calculations. Figure 6.2 
 
Figure 6.2 Calculated average composition of Li (black), O (red), La (blue), and Zr (green) as 
a function of position normal to the GB plane (x axis) at 1000 K for supercells containing (a) 
Σ5(310), (b) Σ5(210), and (c) Σ3(112) GBs.  
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shows the average equilibrium composition predicted by MC as a function of position normal to 
the GB plane at 1000 K for each GB. For all GBs examined, the concentration of lithium and 
oxygen in/near the GB is predicted to exceed that in the bulk region. Changes to the Zr and La 
concentrations in the GB region are also evident in Figure 6.2, but appear to be relatively small.  
The ratio of the number of Li in the immediate GB region, NLi(GB), to the average value 
in the bulk, NLi(avg. bulk): ΓLi = NLi(GB)/NLi(avg. bulk) was computed to approximately 
quantify GB segregation.  For the Σ5(310), Σ5(210), and Σ3(112), GBs we obtain ΓLi values of 
1.47 1.79, and 2.43, respectively. Evaluating the same ratio for oxygen, ΓO, yields: 1.18, 1.11 and 
0.93. (The slight decrease in oxygen content in the Σ3(112) boundary is due to the sampling 
region being narrowly centered (1.06 Å width) on the GB plane; in this GB the enrichment of 
oxygen occurs in the first sub-layer outside of the boundary plane.) The co-segregation of Li 
cations and O anions would maintain local electroneutrality in the boundary region, and suggests 
the formation of new GB phases with an approximate composition of Li2O.  
Our observation of deviations from the bulk stoichiometry at GBs in LLZO is consistent 
with prior reports involving other oxides. For example, yttrium enrichment at GBs has been 
observed in Y-doped BaZrO3140 and Y-stabilized zirconia (YSZ)141. Similarly, oxygen 
deficiencies have been reported at GBs in BaTiO3142 and SrTiO3143. Differences in GB chemical 
composition (relative to bulk) correlate with decreased oxygen transport behavior near GBs in 
YSZ and SrTiO3.132,133  
The presence of non-stoichiometric compositions at GBs in LLZO could impact Li ion 
diffusion. To explore this possibility, the transport properties of Li ions in the GB region were 
evaluated using MD simulations. 
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6.3.2 Li-ion Trajectory 
The GB compositions predicted by MC equilibration were used as input configurations to MD 
calculations. The trajectories of Li ions were examined to clarify the impact of GBs on transport. 
Figure 6.3 illustrates trajectories recorded during 5 ns MD simulations at 700 K for the three GB 
systems. (A trajectory is a record of the instantaneous locations of the Li ions during the MD 
time window. Species with a high diffusivity will exhibit a connected, percolating trajectory; in 
contrast, slowly diffusing components will exhibit gaps in its trajectory.) The trajectory images 
indicate fragmentation of the Li-ion diffusion path across, and within, the GB plane. Figure 6.3a-
c illustrates the Li-ion trajectories as viewed along the GB tilt axis (i.e., along the z-direction). 
Compared to the bulk region, is clear that the trajectories are more fragmented in the immediate 
vicinity of the GB. Figure 6.3d-f depicts the trajectories in the GB plane as viewed along a 
direction parallel to the GB normal (i.e., along the x-direction). (The region plotted corresponds 
to the red rectangular area shown in Figure 6.3a-c.) For comparison, the trajectories in similarly-
oriented bulk regions, corresponding to the regions in the black rectangles in Figure 6.3a-c, are 
shown in Figure 6.3g-i. These images convey a disruption to the connectivity of the Li-ion 
trajectory within the GB, suggesting a local reduction in Li-ion mobility.   
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Figure 6.3 Li-ion trajectories for the GB simulation cells plotted over a 5 ns MD window at 700 
K: (a-c) view along the GB tilt axis (z direction); (d-f) view normal to the GB plane (x direction) 
for a region centered on the GB (0.45<x<0.55) corresponding to the red dashed boxes in (a-c); 
(g-i) view normal to GB plane for a representative bulk region (0.7<x<0.8) corresponding to 
the black dashed boxes in (a-c). 
 
 
Figure 6.4 Mobile (blue) and immobile (red) Li ions in the Σ5(310) GB simulation cell during 
5 ns of MD at 800-1000 K. For clarity, the size of the mobile Li atoms is reduced. 
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Another strategy for assessing the impact of GBs on Li-ion transport is to identify the 
location of Li-ions exhibiting low mobility. Low-mobility atoms were previously defined as 
those having a MSD that is always less than 4 Å2 when assessed at 0.5 ns intervals in a 5 ns MD 
window. To place this threshold MSD in context, we note that 97.2% of the Li in bulk LLZO 
have MSDs larger than 4 Å2 at 700 K. Figure 6.4 illustrates the location of mobile (blue) and 
immobile (red) Li-ions in the Σ5(310) GB cell at temperatures ranging from 800 to 1000 K. The 
data clearly indicate that immobile Li exists in the simulation cells, and is confined to the GB 
region.  Moreover, the amount of immobile Li increases with decreasing temperature, as 
expected.  
Figure 6.5 illustrates the percentage of immobile Li as a function of position and 
temperature in the Σ5(310) simulation cell. The plot shows sharp increases in immobile Li in the 
GB region, consistent with the behavior shown in Figure 6.4. At the lowest temperature 
examined, 700 K, approximately 70% of the Li in the GB region is immobile. Similar behavior is 
observed for the other two GBs: immobile Li accounts for about 70% of the Li in the Σ5(210) 
boundary, while a smaller fraction of Li, only about 45%, is immobile in the Σ3(112) boundary. 
 
Figure 6.5 Percentage of immobile Li atoms as a function of position normal to GB plane for 
the Σ5(310) GB during 5 ns MD at 700-1100 K.   
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The higher mobility in the Σ3(112) boundary correlates with its smaller excess volume, and will 
be shown to follow trends in the activation energy and diffusivity across the three boundaries.  
 
6.3.3 Li-ion Diffusivity  
Figure 6.6 summarizes the calculated Li-ion diffusivity data for the GB-containing simulation 
cells.  Panel (a) displays the total diffusivity for each GB system as a function of position in the 
cell at 1000 K. In addition, the total diffusivity in the bulk and GB regions is reported in Table 
6.1 at 300, 700, and 1000 K. The data in Figure 6.6a show that diffusivity is highest in the bulk 
regions, and declines in the GB region. Similar trends hold at 700 and 300 K, indicating that 
diffusion at these GB is slower compared to the bulk. Nevertheless, the extent of this reduction 
varies significantly across the different GBs, and (as expected) is also temperature dependent. 
For example, as shown in Table 6.1, GB diffusion at 1000 K is largely independent of GB type, 
and only 2-3 times smaller than in the bulk. At 700 K GB diffusion is 5 and 2 times smaller for 
 
Figure 6.6 Calculated Li ion diffusivity for the three GB cells. (a) Total diffusivity, and (b) 
diffusivity decomposed along each Cartesian direction at 1000 K as a function of position 
normal to the GB plane. 
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the Σ5 and Σ3 boundaries, respectively. We therefore conclude that at these higher temperatures 
GBs slow Li-ion diffusion only slightly.  
 
  
Table 6.1 Calculated transport properties (activation energy for diffusion, Ea, and diffusivity, 
D) in bulk LLZO and in three GBs. Li-ion diffusivities are reported for calculations at 700 
and 1000 K, and extrapolated to 300 K. The total diffusivity (D) and the diffusivity projected 
along the three Cartesian coordinates are reported: Dy and Dz correspond to diffusion within 
the GB plane; Dx corresponds to diffusion across the GB plane. 
System Ea (eV) 
T = 1000 K T = 700 K T = 300 K 
D Dx Dy Dz D Dx Dy Dz D Dx Dy Dz 
(10-7 cm2/s) (10-7 cm2/s) (10-13 cm2/s) 
Bulk 0.52 13.5 - - - 1.01 - - - 9.16 - - - 
Σ5(310) 0.64 4.30 5.57 3.61 3.72 0.22 0.24 0.17 0.24 0.15 0.11 0.10 0.28 
Σ5(210) 0.71 5.50 7.35 4.90 4.23 0.17 0.21 0.16 0.14 0.03 0.05 0.02 0.02 
Σ3(112) 0.52 5.10 5.40 5.35 4.55 0.50 0.18 0.81 0.52 4.71 0.04 40.0 8.12 
 
 
Figure 6.7 Arrhenius plots for Li-ion diffusivity in the GB regions over the temperature range 
700 K to 1100 K compared to that in bulk LLZO. 
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While diffusion in bulk LLZO is isotropic,93 the distinct atomic structure near the GB 
could give rise to local anisotropic behavior. For example, fast diffusion along the tilt axis has 
been observed in some GBs.144,145 To assess the possibility for anisotropic GB diffusion, the total 
diffusivity at 1000 K is decomposed in Fig. 6.6b into components along each of the Cartesian 
directions and as a function of position in the simulation cells. A summary of the directionally-
decomposed diffusivities in the GB region for all three boundaries is given in Table 6.1 at 300, 
700, and 1000 K. Diffusion within the GB plane corresponds to the y-z plane, with the tilt axis 
parallel to the z-axis; diffusion in the x-direction would cross the GB plane. 
Figure 6.6b shows that at 1000 K there is little evidence of anisotropic diffusion in any of 
the GBs examined. For the Σ3 boundary, however, evidence of anisotropy begins to appear at 
700 K. More specifically, slower diffusion is observed across the GB plane (i.e., in the x-
direction), while diffusion in the GB plane approaches rates seen in the bulk. Anisotropy in the 
Σ3 system is magnified at 300 K (Table 6.1), where trans-boundary diffusion is predicted to be 
200 times slower than bulk, while intra-planar transport is equal to or faster than the bulk.  
Figure 6.7 shows Arrhenius plots for Li-ion diffusivity within the three GBs and bulk LLZO for 
T = 700–1100 K. The activation energies for diffusion, Ea, were extracted from the slope of these 
data, and are reported in Table 6.1. For bulk LLZO the calculated Ea of 0.52 eV is in good 
agreement with prior studies of LLZO in this temperature range.85  
Diffusion within the GBs is predicted to exhibit activation energies that are equal to or 
larger than those for bulk diffusion. In the case of the Σ3 boundary, Fig. 6.7 shows a similar 
slope in the diffusivity vs. inverse temperature for bulk LLZO and for this GB. This behavior is 
consistent with the identical activation energies predicted, 0.52 eV, for these systems. The 
slightly slower diffusion in the GB illustrated in Fig. 6.7 vs. bulk must therefore result from a 
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smaller prefactor, D0, in the expression D(T) = D0 exp(-Ea/kBT). Extrapolating the Arrhenius plot 
for the Σ3 GB to 300 K shows that its total diffusivity is only a factor of 2 smaller than the bulk 
(Table 6.1). The limited impact of this GB on diffusivity is likely a reflection of its similar 
structure to that of bulk LLZO. For example, of the boundaries examined, the density of 
coincident sites (1/3) is the largest in the Σ3 GB, while its excess free volume is the smallest. 
As for the two Σ5 boundaries, diffusion in these systems exhibit higher activation 
energies of 0.64 and 0.71 eV, reflecting their steeper slopes relative to bulk LLZO in the 
Arrhenius plot. While the diffusivity associated with these boundaries is similar to the Σ3 system 
at higher temperatures (>900 K), the Σ5 boundaries retard Li-ion diffusion to a greater extent at 
low temperatures. For example, extrapolation of the Arrhenius data to 300 K reveals that the Σ5 
boundaries have diffusivities that are up to 2 orders of magnitude slower than the bulk.  The 
larger slow-down in diffusion in the Σ5 boundaries can be traced to their lower density of 
coincident sites (1/5), and larger excess volumes. Both of these properties imply a larger 
disruption to the bulk LLZO crystal structure in the GB region (compared to the Σ3). Since bulk 
LLZO is a relatively fast Li-ion conductor, disruptions to its structure are expected to slow Li 
transport by an amount proportional to the degree of disruption.   
Taken together, our calculations suggest that low-energy GBs provide a ‘mixed’ 
contribution to Li-ion transport in LLZO. That is, diffusion is generally faster (i.e., comparable 
to bulk) in compact boundaries, while diffusion is significantly retarded in boundaries with larger 
excess volumes. The opposing impact of these boundaries indicates that the net effect of GBs on 
Li-ion transport could be modest in samples that are processed under conditions amenable to 
achieving a high fraction of low-energy, compact boundaries. This observation is consistent with 
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experimental measurements showing that the GB resistance in LLZO is relatively small in 
samples that are processed at high temperatures.56   
Although the low energies of the GBs studied here suggest that they will be present in 
annealed samples,136 lower-temperature synthesis routes could generate higher-energy GBs with 
less-compact structures. Such GBs are expected to have a larger impact on Li-ion conductivity, 
and therefore should be considered in future studies.  
Catarelli et al.146 used scanning electrochemical microscopy to map the local Li-ion 
conductivity across the surface of a polycrystalline LLZO sample comprised of relatively large 
grains (~150 um average diameter). Their study revealed that the resistance of the GBs to Li-ion 
migration was generally greater than in the bulk, consistent with the present study. Moreover, 
Catarelli and co-workers observed that the GB resistance varied considerably across the GB 
regions, suggesting a dependence on GB structure and composition. A structural dependence of 
GB diffusion is also predicted by the present computational results. Regarding the influence of 
composition on GB transport, the present atomistic models have emphasized transport in pristine 
(cubic) LLZO. Thus, the impact of adventitious impurities and intentional additives (e.g., 
dopants such as Al and Ta, or sintering aides) on GB phenomena are not considered here. While 
an examination of pristine LLZO is important for establishing the intrinsic properties of its GBs, 
more complex behavior with respect to GB composition can be expected in experiments. For 
example, several studies have reported Al enrichment at grain boundaries in Al-doped LLZO.147–
153 Similarly, the presence of impurity phases (Li2CO3 and LiOH) at GBs, which result from 
reaction(s) with air, can also limit ionic conductivity.62 Computational studies that quantify the 
impact of segregation and second phase formation at GBs in LLZO would be a helpful next step. 
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6.4 Conclusions 
Recent measurements on the promising solid electrolyte LLZO suggest that grain boundaries 
contribute to undesirable short-circuiting and resistance in polycrystalline LLZO membranes. 
Toward the goal of understanding – and ultimately controlling – GB-related phenomena, the 
present study has examined the energetics, composition, and transport properties of three S3 & 
S5 model GBs in LLZO at the atomic scale. Due to their low energies, these boundaries are 
expected to comprise a significant fraction of the GB network in samples prepared at elevated 
temperatures. Our Monte Carlo simulations reveal that the GB planes of all boundaries examined 
are enriched with lithium and oxygen. Molecular dynamics simulations on these off-
stoichiometric boundaries were used to assess Li-ion transport within and across the boundary 
planes.  
MD calculations reveal that Li transport is generally slower in the GB region compared to 
the bulk. Nevertheless, the magnitude of this effect is sensitive to the GB structure and 
temperature. For example, Li-ion diffusion is comparable in all three GBs at high temperatures 
(>900 K), and only slightly slower than bulk diffusion. In contrast, room temperature diffusion 
differs significantly between the S3 and S5 systems: diffusion in the more compact S3 boundary 
remains relatively fast (~50% of the bulk rate), while transport in the S5 boundaries is roughly 
two orders of magnitude slower than the bulk. These trends are reflected in the activation 
energies for diffusion, which in the S5 boundaries are up to 35% larger than in bulk LLZO, and 
are equal to the bulk for the S3 boundary.  
Diffusion within the S5 boundaries is isotropic, while anisotropic transport is observed in 
the S3 system at lower temperatures (<700 K). In the latter system, intra-plane diffusion at 300 K 
is up to 4 times faster than the bulk, while transboundary diffusion is ~200 times slower.   
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Our observation of mixed GB transport contributions – some boundaries support fast 
diffusion (comparable to bulk diffusion), while others are slow – is consistent with the moderate 
GB resistance observed in polycrystalline LLZO samples processed at high temperatures. These 
data also suggest that higher-energy GBs with less-compact structures should penalize Li-ion 
conductivity to a greater degree. Additional experimental study is needed to quantify the 
presence, and characterize the structure, of high-energy boundaries as a function of processing 
temperature. Such studies would enable computational characterization of those systems, similar 
to the analyses performed here on low-energy GB. The role of super-valent dopants on GB 
diffusion should also be examined.  
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Chapter 7 Grain Boundary Softening, A Mechanism for Lithium Metal 
Penetration 
 
7.1 Introduction 
Given the relative softness of Li metal,60 it has been proposed that dendrite initiation can be 
prevented by pairing the Li anode with a stiff solid electrolyte.15,154 Monroe and Newman used 
linear elasticity theory to examine the conditions under which a homogeneous polymer SE could 
suppress dendrite initiation.15 Their model predicted that a SE whose shear modulus, G, was 
approximately twice larger (~8 GPa) than that of Li metal should prevent dendrite formation. 
Nevertheless, Li metal penetration has been recently reported in several SEs, such as β-Li3PS4,155 
Li2(OH)0.9F0.1Cl,156 and Li7La3Zr2O12 (LLZO).49,52,54,127,128,155,157–159 This unexpected behavior 
occurred despite the fact that the measured densities and moduli for these materials were very 
high: in the case of LLZO, G ~ 60 GPa, which is more than an order of magnitude larger than 
that of Li metal, while the measured density was 98% of the theoretical value, indicating 
minimal contributions from porosity. Importantly, the metal penetrants were observed to follow 
pathways through the SE that coincided with the grain boundary network,54 or with the location 
of other microstructural features such as pores or surface cracks.155,160  
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The penetration of stiff ceramic SEs by soft Li is a surprising observation, and raises the 
question, ‘how is this possible?’ Experimental data indicating contributions from the SE’s grain 
boundaries, pores, and surface flaws lead us to hypothesize that microstructural features play a 
critical role in the suppression of dendrites. Existing models for dendrite nucleation in the 
presence of a SE do not account for microstructural inhomogeneities –  the SE is typically 
assumed to be homogeneous.161,162 Thus, a high shear modulus in the non-defective ‘bulk’ 
regions of a SE may be considered as a necessary but insufficient condition for achieving 
dendrite resistance: contributions from microstructure should also be considered. 
Figure 7.1 illustrates three possible scenarios by which microstructural features can 
promote inhomogeneous Li plating, resulting in metal penetration through a solid electrolyte. 
 
Figure 7.1 Potential microstructural contributions to inhomogeneous Li plating from a solid 
electrolyte. Left and middle: current focusing mechanisms resulting from poor interfacial 
wetting (left) or (middle) fast Li migration along GBs. Right: Li penetration along soft GBs. 
 
 87 
The first scenario, shown on the left of Figure 7.1, arises from poor wetting at the Li/SE 
interface.50,63,163 Previous chapters have shown that Li metal will wet a ‘clean’ LLZO surface; 
however, non-wetting behavior is observed when surface contaminant phases such as LiOH and 
Li2CO3 are present. Since Li-ion transport through hydroxides and carbonates is slower than in 
LLZO, the presence of these contaminants results in focusing of Li-ions towards the limited 
contact points where the SE directly interfaces with the Li anode. This current focusing results in 
inhomogeneous electrodeposition of Li, and ultimately to the penetration of Li metal into the SE. 
A similar mechanism has been proposed for the penetration of sodium metal through b-Al2O3.164  
In the case of LLZO, cleaning of the SE surface was found to delay the onset of Li penetration to 
higher current densities.63 Nevertheless, dendrites were still observed at current densities (0.6 
mA/cm2) far below those needed for a practical battery (3-10 mA/cm2).165 Thus, although 
increasing interfacial wetting is helpful, it appears to be insufficient on its own to eliminate the 
dendrite problem: other mechanisms appear to be contributing. 
A second scenario resulting in dendrite formation is shown in the middle portion of 
Figure 7.1. This mechanism also involves current focusing, and is caused by fast Li-ion 
migration along GBs. In the presence of fast GB transport, Li plating would occur preferentially 
in regions where GBs intersect the electrode surface. Assuming the arrival rate of Li at these 
intersections is faster than its lateral migration away (i.e., parallel to the interface), then the 
resulting ‘pile-up’ of Li could nucleate dendrites. This ‘fast GB diffusion’ hypothesis is studied 
by calculating the rate of Li-ion migration along three low-energy tilt GBs(S3 & S5) of LLZO in 
the previous chapter. MD results revealed that Li transport is generally reduced in the GB region. 
Thus, current focusing along GBs does not appear to explain Li dendrite penetration.  
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 Here we hypothesize that ‘softening’ of the SE in the vicinity of GBs provides a 
mechanism for dendrite penetration. This hypothesis represents a third microstructure-related 
scenario, and is shown on the right in Figure 7.1. (We speculated that GB-softening could 
contribute to dendrite penetration in an earlier publication.166) Here, ‘softening’ is defined as a 
reduction in the elastic moduli close to the GBs. These effects could arise from deviations in 
density and atomic structure (i.e., less-optimal bonding relative to the bulk) near the GB plane.  
This scenario is inspired by the elasticity model of Monroe and Newman,15 yet accounts for 
inhomogeneities in elastic properties. Unlike the first two scenarios from Figure 7.1, in which 
current focusing drives inhomogeneous Li deposition, in the present case Li deposition is initially 
homogeneous (i.e., the Li-ion current is not focused). However, as plating progresses, Li will 
accumulate preferentially in softer regions near electrode/GB junctions via interfacial diffusion 
away from the stiffer, GB-free regions. The resulting Li protrusions will generate locally stronger 
electric fields, that will focus subsequent Li deposition. Indeed, prior studies have indicated the 
possibility of softening at GBs.167,168 If these effects are also present in SEs, then they could 
provide an important contribution to the mechanism by which dendrites penetrate SEs.  
The research described in this chapter demonstrates that significant softening can occur at 
GBs in SEs. Adopting LLZO as a model SE, molecular dynamics (MD) simulations on two, low-
energy Σ5 tilt and twist GBs are reported. The elastic constants associated with uniaxial strain 
perpendicular to the GB plane and with shear parallel to the GB were calculated at 300 K. These 
calculations indicate a severe softening in the immediate vicinity of the GB: elastic constants are 
observed to be up to 50% smaller at GBs than in the bulk. We propose that nanoscale softening 
attributed to microstructural features such as GBs may explain why these features are susceptible 
to metal penetration during electrodeposition. 
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7.2. Methodology 
7.2.1 Molecular Dynamics 
Elastic properties were evaluated at a pair of low-energy tilt and twist coincident-site (Σ5) GBs, 
shown in Figure 7.2. GB models were generated by initially rotating two replicas of the unit 
LLZO cell (i.e., the individual grains) along their [001] axes by 53.1° (relative displacement).  
The symmetric tilt GB was constructing by cleaving and then adjoining the rotated grains along 
their (210) planes. Similarly, the twist boundary was formed by cleaving and adjoining the 
rotated grains along (001) planes.  
 The low energies of the two GB orientations136,138 examined here suggest that they are 
likely to be present in equilibrated LLZO samples.56,64 For example, earlier studies have shown 
that Σ5 GBs in body-centered cubic materials exhibit low energies (the Zr sublattice in LLZO is 
BCC),136,138 while in oxides the GB habit plane tends to be the same planes as those that 
minimize the surface energy.169 The tilt boundary satisfies the first (orientation) requirement, 
while the twist boundary satisfies both the orientation and surface energy requirement.61 (The 
(100) twist boundary plane was previously identified to be low in energy.61,170) 
Figure 7.2 illustrates the computational cells used to model these two GBs. In both cases 
the cells contain a pair of GBs: one at the cell center (fractional coordinate z = 0.5) and one at the 
cell boundary (z = 0). The GB planes have normal vectors that are parallel to the long (z) 
direction of the cell, allowing for ample space (> 15 nm) and minimum interaction between GBs.  
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The elastic properties of bulk LLZO and of the two GBs were evaluated using molecular 
dynamics (MD) simulations, as implemented in the LAMMPS code.86 The time step for all MD 
runs was 2 fs. Three force-fields (FFs)85,171,172 were assessed with respect to their ability to 
reproduce the bulk elastic properties of LLZO, as previously predicted by first-principles 
calculations and as measured by experiments.60,105 In an earlier chapter, the DFT-calculated 
 
Figure 7.2 Computational models of (a) Σ5 tilt and (b) twist grain boundaries in LLZO. The 
full simulation cells and magnifications of one of the GB regions are shown in each case are. 
The coincident site nature of the grains is illustrated by showing only the Zr sublattice sites. 
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elastic properties were in excellent agreement with experimental measurements for Ta- and Al-
doped LLZO.60  
Table 7.1 compares the zero Kelvin and room temperature elastic constants and moduli 
for bulk LLZO, as calculated using MD, with DFT and experimental data.173 Out of the three 
FFs, the potential of Jalem and co-workers172 yielded the best agreement with the elastic 
constants predicted by DFT, with a mean absolute deviation of 7%. This inter-atomic potential 
was adopted for calculations on GB cells. It is based on long-range Coulombic and a short-
ranged Buckingham interaction; the cut-off distance for the short-range interaction was set to 
10.5 Å.  
The equilibrium structure and composition of the GBs was determined using a multi-step 
procedure similar to that employed in previous analysis of GB transport.64 After an initial 
Table 7.1 Calculated elastic constants, Cij, and moduli (GPa) for cubic LLZO as a function of 
composition and evaluation method (DFT calculations, MD calculations, and experimental 
measurements). The percent difference between DFT- and MD-predicted values for pure LLZO 
are given in parentheses.  
System Method C11 C12 C44 B G E 
Al-doped 
LLZO DFT (0 K)
a 187 75 71 112 65 163 
Al-doped 
LLZO DFT (298 K)
a      61 155 
Al-doped 
LLZO 
Experiment (298 
K)a,b    
100.2, 
102.8 
58.1, 59.8, 
59.6 
146.1, 
150.3, 149.8 
Ta-doped 
LLZO DFT (0 K)
a 170 64 70 99 63 155 
Ta-doped 
LLZO DFT (298 K)
a     59 147 
Ta-doped 
LLZO 
Experiment 
(298K)a    96.0 55.7, 61.2 139.9, 153.8 
Pure LLZO DFT (0 K)c 186 78 73 114 65 163 
Pure LLZO MD (0 K)c, d 190 (2%) 115 (47%) 29 (-60%) 140 (23%) 32 (-51%) 90 (-45%) 
Pure LLZO MD (0 K)c, e 211 (13%) 95 (22%) 76 (4%) 134 (18%) 68 (5%) 175 (7%) 
Pure LLZO MD (0 K)c, f 184 (-1%) 79 (1%) 60 (-18%) 114 (0%) 57 (-12%) 146 (-10%) 
a: ref [60], b: ref[105], c: present study, d: ref [85], e: ref [171], f: ref [172] 
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geometry optimization at zero K, the simulation cells were equilibrated using NPT MD at 300 K 
for 500 ps. Subsequently, they were heated to 1000 K at a rate of 1K/ps using the NPT ensemble. 
This procedure accommodates thermal expansion and volume changes associated with the 
presence of the GBs. Upon reaching 1000 K, isothermal MD was performed in the NPT and 
(subsequently) NVT ensembles for 500 ps each. Next, to equilibrate the local composition of the 
GBs, NVT Monte Carlo simulations were performed (106 attempts) using the Metropolis 
algorithm with a maximum atomic displacement of 0.5 Å. The cells were then cooled to 300 K 
via MD at a rate of 1K/ps and equilibrated at 300 K for 500 ps using NPT-MD with a constant 
cell shape to suppress the phase transform to the low-conductivity tetragonal phase. Finally, 
NVT-MD was performed at 300 K for 500 ps. Elastic properties were evaluated by averaging 
over the last 400 ps of this time window. The computational procedure is summarized in Figure 
7.3. 
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Figure 7.3 Summary of the computational procedure used to evaluate local elastic constants in 
the grain boundary simulation cells. 
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7.2.2 Elastic Properties  
GB elastic properties were calculated using the methodology described for twist GBs in 
copper.167,168 A series of uniaxial or shear strains of magnitude -0.75%, -0.5%, -0.25%, 0.25%, 
0.5%, and 0.75% were applied to the boundary of the simulation cell. The stresses associated 
with the applied strains were obtained as output from the calculations. These global strains 
generate localized uniaxial strains perpendicular to the GB plane, and shear strain parallel to the 
GB plane, respectively.  Local strains were evaluated as a function of position in the 
computational cell by measuring the relative positions of planes of La and Zr atoms.  For the tilt 
(twist) GB the unstrained interplanar spacing, 𝐿÷,M, is given by √5𝑎/4 (𝑎/2), where  𝑎 is the 
lattice constant of the cubic unit cell.    
The elastic constant, 𝐶ÛÛ, is associated with uniaxial strain perpendicular to the GB plane 
(z direction). Changes to the interplanar spacing perpendicular to the GB plane were used to 
measure local deformations resulting from the global strain, 𝜀ÛÛ,M. The local uniaxial strain, 𝜀ÛÛ, 
is given by	𝜀ÛÛ = 𝐿÷ − 𝐿÷,M 𝐿÷,Mø  where 𝐿÷,M and 𝐿÷ are, respectively, the interplanar spacing 
before and after strain is applied. The local elastic constant is then given by:	𝐶ÛÛ = 𝜎ÛÛ 𝜀ÛÛ,⁄  
where 𝜎ÛÛ is the global stress in the z direction.  
The elastic constant associated with shear parallel to the GB plane, 𝐶ââ, was calculated by 
applying a shear strain, 𝜀ââ,M, to the simulation cell in the y direction. The local shear strain, 𝜀ââ, 
can be expressed as:	𝜀ââ = Δ𝑑°ú 𝐿÷,M⁄ . Here 𝐿÷,M is the interplanar spacing along the z-direction 
of a given region in the cell before strain is applied, while Δ𝑑°ú  represents the magnitude of 
displacement in the direction of the shear (the y-direction in our calculations) across that region. 
These displacements were measured by tracking the y-components of atom positions on the two 
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planes that bound a given region in the z-direction. The local elastic constant is then given 
by	𝐶ââ = 𝜎ââ 𝜀ââ⁄ , where 𝜎ââ is the global shear stress.  
 
7.3 Results 
Figure 7.4 shows the calculated strain behavior of the Σ5 tilt GB cell under uniaxial loading at 
300 K. Figure 7.4(a) presents the local strain as a function of the global applied strain and of 
position normal to the GB plane. As expected, the local strain in the bulk region is very similar to 
the global strain. In contrast, the local strain in the immediate vicinity of the GB is much larger 
than in the bulk, suggesting a softening in the GB region. Figure 7.4(b) shows that the 
relationships between the local and global applied strain in the bulk and GB regions are in both 
cases roughly linear for the strains examined here. While the slope of the line fit to the bulk data 
is approximately unity, for the GB the slope is ~30% steeper, consistent again with GB 
softening. Finally, Figure 7.4(c) plots the ratio of local to global strain, e/e0, as a function of 
position normal to the GB plane.  These data were obtained from the slopes of linear fits to the 
position-dependent local strain (as in Figure 7.4(b)). Factoring in both GBs, Figure 7.4(c) shows 
that the strain in the GB region is ~40% greater than that of the bulk.  
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Figure 7.4 Calculated local strains for the Σ5 tilt GB cell at 300 K under uniaxial loading. (a) 
Local strain as a function of position normal to the GB plane; (b) Relation between local and 
applied (global) strain in the GB plane at z=0 and in the bulk region (z=0.25); (c) Ratio of local 
to applied strain as a function of position normal to the GB plane. 
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Figure 7.5 Calculated elastic constants C33 and C44 at 300 K as a function of position normal 
to the GB planes for the (a, b) the Σ5 symmetric tilt GB cell and (c, d) the Σ5 twist GB cell. 
 
Table 7.2 Calculated elastic constants, 𝐶ÛÛ and 𝐶ââ (in GPa), in the bulk and GB regions for 
the Σ5 tilt and twist GB simulation cells.  
Elastic 
constant 
Σ5 Tilt GB Σ5 Twist GB 
Bulk GB Δ (%) Bulk GB Δ (%) 𝐶ÛÛ, uniaxial 159 115 -28 152 96 -37 𝐶ââ, shear 40 21 -48 51 33 -35 
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Figure 7.5 plots the elastic constants 𝐶ÛÛ and 𝐶ââ for the tilt and twist GBs as a function 
of position normal to the GB plane. As previously described, these two elastic constants 
represent the elastic and shear modulus of the system: 𝐶ÛÛ ~ E and 𝐶ââ ~ G. The elastic constant 
data were calculated by combining strain data with the stress for a given applied strain. A 
summary of all elastic constants is given in Table 7.2.  
Turning first to the elastic constant associated with uniaxial strain, 𝐶ÛÛ, Figure 7.5a,c 
show that 𝐶ÛÛ is approximately constant in the bulk regions of the computational cells, and is 
equal to 159 and 152 GPa.  This elastic constant is predicted to be much smaller in the GB 
regions: a value of 115 GPa is obtained for the tilt GB, with an even smaller value of 96 GPa 
predicted for the twist system. These values are 28% and 37% smaller, respectively, than the 
corresponding bulk values. 
Similarly, the elastic constant associated with shear deformation, 𝐶ââ, is predicted to be 
significantly smaller in both classes of GBs: in the bulk, 𝐶ââ = 40 and 51 GPa, whereas in the tilt 
and twist GBs values of 21 and 33 GPa are found, respectively. Thus, the GBs are 48% and 35% 
softer with respect to shear than is the bulk. In total, our calculations predict that GBs in LLZO 
can have elastic moduli that are approximately 25 – 50% smaller than the bulk.    
 
7.4 Discussion 
Could GB ‘soft spots’ explain Li metal penetration in LLZO? A strict interpretation of the 
Monroe-Newman criterion stipulates that a viable SE should have a shear modulus, G, that is 
approximately twice that of Li metal. Assuming Li can be treated as an isotropic polycrystalline 
metal, then GLi ~ 4 GPa.60  Thus, a solid electrolyte with GSE > ~8 GPa = 2GLi should be capable 
of suppressing dendrite initiation. Even though our calculations predict that GBs in LLZO are up 
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to ~50% softer than the bulk, the smallest value for 𝐶ââ obtained for the GBs examined here, 21 
GPa, easily surpasses the 2GLi threshold. Therefore, it would seem that GBs – although 
significantly softer than the bulk – are not ‘soft enough’ to serve as initiation points for dendrites.    
A few caveats to this conclusion should be acknowledged, however. First, treating the Li 
anode as an isotropic solid may be overly simplistic. For example, our prior study reported that 
the elastic properties of Li are highly anisotropic:60 the resolved shear modulus of Li ranges from 
a minimum of 1.5 GPa in the <111> direction to a maximum of approximately 11 GPa along 
<100>.60 Doubling the largest of these values results in a threshold of 22 GPa, a value which is 
larger than the shear modulus predicted for the Σ5 tilt boundary, 21 GPa. Hence, this GB does 
not meet the Monroe-Newman criterion. 
Second, as mentioned earlier, the atomic-scale structure and orientation distribution of 
GBs in LLZO is at present unknown. The low energies of the two GB orientations examined 
here suggest that they are plausible structures in equilibrated LLZO samples, such as those 
processed using at high temperatures. Nevertheless, the present GBs represent idealized systems 
with relatively low degrees of disorder and excess volume. It is therefore possible that they 
represent a best-case scenario: softening in less-ordered, general GBs could be more severe and 
extend to larger spatial regions. Higher energy GBs with less-compact structures could be 
generated via lower temperature synthesis routes. Solute segregation and impurity phases at 
GBs,58,62,147–149,151,153 such as hydroxides and carbonates, could also impact elastic properties.  
Further study is needed to assess these factors. 
Third, although softening is demonstrated here for GBs, it is reasonable to speculate that 
this behavior could also apply to other microstructural features that exhibit local disruptions to 
crystallinity and/or density, such as at surface scratches or near pores.155,160  
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Finally, given that real electrode/electrolyte interfaces are often structurally and 
compositionally complex, it is reasonable to consider whether the Monroe & Newman criterion 
(i.e., ~2GLi) should be interpreted quantitatively, or instead is best employed as a qualitative 
guideline. The latter interpretation suggests that local decreases in elastic properties, such as 
those caused by microstructural features, could be sufficient to promote metal penetration even if 
the local modulus is larger than 2GLi.   
 
7.5 Conclusions 
Inhomogeneities in the elastic properties of a solid electrolyte were examined in the context of 
Monroe and Newman’s elasticity model for dendrite initiation. Molecular dynamics simulations 
were used to evaluate elastic moduli near grain boundaries in the prototype solid electrolyte, 
LLZO. These calculations reveal that moduli can be as much as 50% smaller at grain boundaries 
than in the bulk. This inhomogeneous softening is expected to result in accumulation of Li at 
electrode/grain boundary junctions during electrodeposition. Thus, grain boundary ‘soft spots’ 
may contribute to the mechanism by which soft lithium metal can penetrate an ostensibly stiff 
solid electrolyte. Additional study is needed to characterize the elastic properties of other types 
of grain boundaries, account for potential variations in grain boundary composition arising from 
impurities or segregation, and to explore effects in solids beyond LLZO.  
This work highlights scenarios by which a solid electrolyte’s microstructure can 
contribute to inhomogeneous electrodeposition and dendrite penetration. At present these 
scenarios have received limited attention in the battery literature. A better understanding of the 
role of microstructure will aid in the design of long-lived solid state batteries. 
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Chapter 8 Conclusions and Next Steps 
 
8.1 Conclusions 
At present, LLZO is one of the most promising Li solid electrolytes due its favorable 
combination of high conductivity and chemical stability against Li metal. However, there are 
several challenges that limit the use of LLZO in practical batteries. These include: reactivity with 
air, adhesion/wettability at electrode interfaces, interfacial resistance, inhomogeneous transport 
and mechanical properties arising from microstructural imperfections, and dendrite suppression. 
As a step towards overcoming those challenges, the work presented in this dissertation 
characterizes several properties of LLZO using density functional theory and molecular 
dynamics calculations. The knowledge gained will enable the development of rational strategies 
for improving solid state batteries employing LLZO, as well as for other classes of solid 
electrolytes. 
 Firstly, the electrochemical stability window of LLZO was examined using DFT 
calculations. The EW determines an electrolyte’s resistance to undesirable electronic transport, 
and, by extension, controls phenomena such as short-circuiting and self-discharge. The position 
of the EW also impacts electrochemical oxidation and reduction of LLZO by the electrodes. DFT 
calculations revealed that LLZO is an excellent electronic insulator with the large band gap (6.4 
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eV from GW calculations). An evaluation of the absolute positions of the band edges lends 
further supports the observation of limited electronic transport in LLZO. These calculations also 
indicate that LLZO is stable against p-type conduction up to ~4 V vs. Li/Li+ arising from hole 
injection from oxidation by the positive electrode. In addition, the conduction band minimum in 
LLZO is predicted to lie slightly above Li/Li+, suggesting moderate stability against n-type 
charge injection from the anode. These data indicate that a wide EW window is an intrinsic 
property of LLZO, and need not arise from kinetic stabilization resulting from new phase 
formation at electrode interfaces.  
Next, the impact of air exposure on LLZO surface was explored by calculating the 
thermodynamic driving force (Gibbs free energy of reaction, 𝛥𝐺) for the hydration and 
carbonation of LLZO. DFT calculations indicate that the Li+/H+ ion exchange pathway is a 
thermodynamically favorable route for the formation of a Li2CO3 layer on the surface of LLZO. 
On the other hand, direct hydration and carbonation of LLZO is found to be thermodynamically 
unfavorable. The resulting contamination layers contribute to high interfacial resistance between 
Li and LLZO, presumably due to poor wettability. To test this hypothesis, the Li wettability of 
the LLZO surface was predicted. Calculations indicate that Li strongly wets pristine LLZO, but 
not Li2CO3 and LiOH, which is consistent with the high interfacial resistance in the presence of a 
contamination layer. The reaction of LLZO in humid air also involves the protonation of LLZO. 
To examine the impacts of proton on the transport properties of LLZO, the Li+ and H+ ion 
diffusivity and conductivity was calculated using AIMD. The Li ionic conductivity is 
comparable to pristine LLZO for minor levels of contamination (~9 %), while Li-ion 
conductivities are significantly decreased at high levels of proton contamination (~63 %).   
 103 
Elastic properties were examined to assess the effectiveness of LLZO in suppressing 
dendrite formation at the Li-LLZO interface. Based on the model of Monroe and Newman, 
LLZO is predicted to be stiff enough to suppress lithium dendrite formation. For example, linear 
elasticity models suggest that a solid electrolyte having a shear modulus greater than 
approximately 8.5 GPa can suppress dendrite formation on a Li anode. The present calculations 
yield averaged shear moduli for Al and Ta-doped LLZO of 58-60 GPa, far exceeding the 
targeted value. Nevertheless, it is important to recognize that scenarios exist in which dendrites 
could still form even in the presence of a solid electrolyte that satisfies Monroe’s criterion (eg., 
microstructural features such as porosity at the interface or poor interfacial wetting). Thus, the 
Monroe-Newman criterion should be considered as a necessary but insufficient condition for 
achieving dendrite resistance: contributions from microstructure should also be considered. 
Current focusing caused by fast Li-ion migration along GBs is explored as a possible 
scenario resulting in dendrite formation. In the presence of fast GB transport, Li plating would 
occur preferentially in regions where GBs intersect the electrode surface. Assuming the arrival 
rate of Li at these intersections is faster than its lateral migration away, then the resulting ‘pile-
up’ of Li could nucleate dendrites. This ‘fast GB diffusion’ hypothesis is studied by calculating 
the rate of Li-ion migration along three low-energy tilt GBs (S3 & S5) of LLZO. Our MD results 
reveal that Li-ion diffusion is comparable in all 3 tilt GBs at high temperatures (> 900 K), and 
only slightly slower than bulk diffusion. In contrast, room temperature diffusion differs 
significantly between the S3 and S5 systems: diffusion in the more compact S3 boundary 
remains relatively fast (~50% of the bulk rate), while transport in the S5 boundaries is roughly 
two orders of magnitude slower than the bulk. Diffusion within the S5 boundaries is isotropic, 
while anisotropic transport is observed in the S3 system at lower temperatures (< 700 K). In the 
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latter system, intra-plane diffusion at 300 K is up to 4 times faster than the bulk, while 
transboundary diffusion is ~200 times slower. Generally, Li transport is reduced in the GB 
region. Thus, current focusing along GBs due to faster GB Li-ion transport does not appear to 
explain Li dendrite penetration. 
Additionally, we hypothesize that softening of the LLZO in the vicinity of GBs can 
provide a mechanism for dendrite penetration. These effects could arise from deviations in 
density and atomic structure near the GB plane. MD calculations are performed to examine the 
softening using two, low-energy Σ5 tilt and twist GBs. The elastic constants associated with 
uniaxial strain perpendicular to the GB plane and with shear parallel to the GB were calculated at 
300 K. These calculations indicate a severe softening in the immediate vicinity of the GB: elastic 
constants are observed to be up to 50% smaller at GBs than in the bulk. We propose that 
nanoscale softening attributed to microstructural features such as GBs may explain why these 
features are susceptible to metal penetration during electrodeposition. 
 
8.2 Next steps 
Although the low energies of the GBs studied in the latter chapters of this dissertation 
suggest that they will be present in annealed samples, lower-temperature synthesis routes could 
generate higher-energy GBs with less-compact structures. Such GBs are expected to have a 
larger impact on Li-ion conductivity and elastic properties. More systematic study of the impact 
of GB mis-orientation on transport and mechanical properties should be considered in future 
studies. 
The present atomistic models have also emphasized GB properties in pristine LLZO, and 
the impact of adventitious impurities and intentional additives (e.g., dopants such as Al and Ta, 
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or sintering aides) on GB phenomena have not been considered. Consequently, computational 
studies that quantify the impact of segregation and second phase formation at GBs in LLZO 
would be also a helpful next step.  
In addition, the different atomic structure of the GB could result in a distinct bonding 
environment. First-principles calculations can be performed regarding the electronic structure at 
GBs with a detailed bonding analysis.  
Finally, evaluating the mechanical properties in the vicinity of GBs would also be a 
valuable follow-on study. For example, the ideal shear strength can be calculated to determine 
the resistance of GB to plastic deformation. Fracture toughness is another mechanical property 
that can be estimated computationally to explain Li penetration along GBs. 
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